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A photovoltaic-thermal (PVT) panel was constructed, tested, and modelled using 
both MATLAB and TRNSYS.  During the experimental testing, which took place on the 
Missouri University of Science and Technology campus in Rolla, Missouri; two identical 
PVT panels were tested alongside two PV panels to gather an electrical baseline for 
comparison.  Approximately 69 days’ worth of data were of data were collected during 
the summer of 2014.  The PV electrical, PVT electrical, PVT thermal and PVT combined 
(electrical and thermal) efficiencies were 3.5-5.6%, 3.4-5.4%, 20.9-11.6%, and 24.3-
17.0%, respectively.   
A MATLAB program was developed using existing equations for one-
dimensional, quasi-steady model of a photovoltaic-thermal panel, and was used calculate 
and calibrate PVT panel properties.  The MATLAB simulated PVT panel and 
experimental PVT panel were compared and had thermal output percent errors of less 
than 1% after the calibration of thermal properties.  The TRNSYS program was used to 
simulate the experimental PVT panels using existing components, which included the 
Type 50d, 250 and 560, within simple and complex system configurations and using 
experimentally collected data and standard TMY2 weather file.  The electrical, thermal 
and combined efficiencies for the Type 50d using experimental weather were 5.8% (7.4% 
error), 9.8% (15.5% error) and 15.5% (8.8% error), respectively.  The electrical, thermal 
and combined efficiencies for the Type 250 using experimental weather were 2.6% 
(51.9% error), 9.8% (15.5% error), and 12.3% (27.6% error), respectively.  The electrical, 
thermal and combined efficiencies for the Type 560 using experimental weather were 
4.4% (18.5 error), 7.4% (36.2% error), and 11.3% (33.5% error), respectively.  
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 1. INTRODUCTION 
1.1. BACKGROUND 
In 2014, 11.864 quadrillion Btu of energy was consumed in residential homes in 
the United States [1].  Of that energy consumed, only 2.12% came from PV/Solar.  
Within the state of Missouri, energy consumed within homes average 41% for space 
heating, 18% for water heating, 35% of appliances/electronics/lighting, and 6% for air 
conditioning [2].  Water heating in 2006 cost the American people approximately $30.5 
billion and released 147.6 million metric tons of carbon emissions into the air [3].  This 
means that if a large portion of the residential energy consumed can be produced onsite 
via solar-based systems, then the carbon emissions due to buildings can greatly be 
reduced.  Solar energy systems provide owners a unique opportunity to control how and 
from what source their energy is being produced from.  Homeowners who have solar 
energy systems on their home are typically more aware of their energy usage and are 
more proactive in conserving energy on a daily basis.  
As countries, like the United States, realize and acknowledge their impact on the 
environment, many are enacting laws and new programs aimed at reducing resource 
depletion and carbon emissions.  One of the programs started by the U.S. Department of 
Energy was the Building America Program [4], which was intended to increase the 
overall building efficiency of a standard American home.  Two of the program’s main 
objectives are to reduce average whole-house energy use by 30% - 90% and to integrate 
clean onsite power systems, such as electric and thermal solar panels.  An important 
result of the program is that builders and home-owners are informed about the 
environmental impact their homes have.  
In Europe the Energy Efficiency Directive (EED) [5] was started in 2012.  The 
directive outlines three major action plans, which included (1) National Energy 
Efficiency Action Plans, (2) buildings under the EED, and (3) obligation schemes and 
alternative measures.  The National Energy Efficiency Action Plan is required for each 
participating country and it frameworks how the country plans on meeting their energy 
efficiency targets.  ‘Buildings under the EED’ referred to the EU countries’ renovating 
strategies and measurements required to improve the energy efficiency in public building.  
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The third directive, ‘obligation schemes and alternative measures,’ referred to the 
methods and measures used to reduce energy consumption by the building 
operators/occupants.  Overall the main purpose of the Energy Efficiency Directive is to 
improve the building design and inform/educate occupants how to properly use and 
maintain the building as it was designed.  
One way to decrease a building’s effect on the environment is to produce 
electricity onsite from a clean and sustainable source, which as solar panels.  Solar panels 
can be classified into two major areas: photovoltaic and thermal.  Photovoltaic (PV) work 
because of an electronic imbalance within the panel where the electrons ‘wish’ to move 
from one layer to the next.  When the PV cells are illumined by the sun the electrons 
within the silicon layers are activated, and move toward the top of the layer where the 
metal contacts are located.  The returning electrons reenter the cell by the contacts at the 
bottom of the PV cell.  PV panels only utilize a small portion (approximately 15-20%) of 
the available irradiance to produce power.  The remaining 80-85% is reflected off of the 
top of the panel or absorbed as heat.  This causes temperatures behind PV panels to be 
much higher than the ambient air temperature.  
Solar thermal panels can usually be classified as flat plate or evacuated tube 
design.  The flat plate designs are easier to produce and harder to damage than evacuated 
tubes.  A typical flat plate thermal panel consists of an enclosed insulated metal box with 
a dark-color absorber plate.  Fluid-based panels have a series of tubes connected to the 
absorber plate, so the heat will transfer from the plate, to the tube and into the fluid.  Air-
based thermal panels are usually more open, but tend to be bigger than fluid-based 
panels.  Many flat plate thermal panels are comprised of common building materials.  
According to the U.S. Department of Energy [6], “a typical residential solar water-
heating system reduces the need for conventional water heating by about two-thirds.”   
Solar photovoltaic-thermal panels (PVT) are hybrid panels, which have 
photovoltaic panel on top of a thermal flat plate panel.  Hybrid photovoltaic-thermal 
panels can have numerous configuration designs, which can be glazed or unglazed; air-
based, liquid-based, or a combination; single or dual directional fluid flow; and many 
other properties.  PVT panels have several advantages over the separate photovoltaic and 
thermal panels.  Since more than half of the irradiance on a PV is absorbed as heat and 
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then wasted off the back of the back of the panel, the fluid within the thermal panel helps 
to remove the heat from behind the photovoltaic cells.  This is very beneficial because as 
photovoltaic cells heat up their efficiency decreases, and regular exposure to excessive 
heat can decrease the overall life expectancy of the cells/panel.  PVT panels are a more 
efficient use of roof space, and are mounted together within the same roof or ground 
mounting systems.  They also require less material to construct the panels because the 
metal frame that holds the photovoltaic panel can also contain the pipes and insulation for 
the thermal panel.  
The scope of this research consisted of a review of previous research completed, 
modification to existing PVT panel design, experimentation with PVT and PV panels, 
development of MATLAB model (Section  4.2.3), calibration of PVT panel properties 
(Section  4.2.4), creation of simple TRNSYS models (Sections  5.2,  5.3, and  5.4) using 
available PVT components and recorded weather data, adjustment of simple TRNSYS 
models to use TMY2 weather files, and construction of complex TRNSYS system 
models.  The extensive weather data was collected over approximately 69 days during the 
summer of 2014 at the Missouri University of Science and Technology (Missouri S&T) 
in Rolla, Missouri. 
1.2. REVIEW OF LITERATURE  
According to studies conducted by U.S. Department of Energy and the EU 
Coordination Action PV-Catapult in Europe [7], further development in new materials 
and methods of assembly is still needed.  In September 2007, the International Energy 
Agency Task 35 Solar Heating and Cooling (Task 35-SHC) concluded a three year 
international study on the research and development of Photovoltaic/Thermal (PVT) 
systems [8]. The group stated, “the technology is promising as the system develops to a 
potentially lower production and installation cost.” The purpose and objective of this 
research was to design and build a modularized solar thermal electric panel system that 
would be aligned with Task 35-SHC goals of increasing system efficiency and lowering 
assembly costs.   
1.2.1. Modelling.  A model was created by Ammar et al. [9] simulated panel 
temperatures and electrical power for a dynamic PVT panel based on irradiance, ambient 
temperature and flowrate.  “It [was] observed that the thermal and electrical 
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performances of [the] PV/T system are improved when compared to separated solar 
thermal panel and photovoltaic panel.”  The research and model was planned to be used 
in developing an algorithm that would optimize the system via the mass flowrate.  
Amrizal et al. [10] also created a dynamic PVT model, which they determined was “a 
suitable tool to predict the thermal and electrical performance of a hybrid solar collector, 
for a specific weather data set.”  Armstrong and Hurley [11] attempted to model the 
thermal massing and response time of a PV panel’s temperature.  They stated that it was 
important the data be collected from real operating conditions and not lab-created 
conditions.  The model verified “the thermal behaviors of a photovoltaic panel for low to 
strong winds,” and included effects from the PV panel material and the mounting 
structure.  
Zondag et al. [12] simulated numerical models for photovoltaic-thermal system 
under four different configurations: 3D dynamical, 3D steady state, 2D steady state and 
1D steady state.  They concluded that models all fell within a 5% accuracy from the 
experimental results, and the simple 1D model preformed “as well as” the more complex 
2D or 3D models.   
Corbin and Zhai [13] used experimental data to help validate a computational 
fluid dynamics (CFD) model of a building integrated photovoltaic-thermal collector.  The 
team concluded that the cell efficiency could be raised by 5.3% and that water 
temperatures suitable for domestic usage was possible.  Their thermal and electrical 
efficiencies reached 19% and 15.9%, respectively.  Corbin and Zhai also developed a 
correlation between electrical efficiency and inputs such as inlet temperature, ambient air 
temperature and isolation.   
Bhattarai et al. [14] developed a one-dimensional model for simulating the 
transient process of a glazed PVT panel with tube-fin design.  All of the first-order 
differential equations were developed to be used within MATLAB for easy solving.  
“Satisfactory convergences were found between the measured data and calculated results. 
The statistical analysis was performed for the scientific validation of the results.”  
Huang and Huang [15] created a 1.44KW PVT system using TRNSYS tool and 
simulated it for various locations in Taiwan.  “The simulation model can provide the 
transient and long term evaluation to predict the system performance in different weather 
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conditions.”  The thermal efficiency was found to be 26.8-28.4% and the electrical 
efficiency was 11.7-12.4%. 
Calise et al. [16] developed a zero-dimensional transient simulation model 
TRNSYS model which simulated a building-integrated solar heating and cooling (SHC) 
system, which included PVT panels, to a building in Naples.  “The combination of PVT 
and SHC allows one to maximize the utilization of the thermal energy produced by the 
PVT, particularly during the summer. On the other hand, PVT thermal and electrical 
productions are susceptible, as are other similar systems, to external radiation and 
temperature. Therefore, an auxiliary system is always mandatory for a safe operation of 
the system.” 
Dubey and Tiwari [17] thermally modelled PVT and derived an analytical 
expression for the panel under different conditions as a function of the design and 
weather conditions.  The experimental system that they designed was self-sustainable and 
could be relocated to remote sites.  “The results […] indicated that there is a significant 
increase in the instantaneous efficiency from 33% to 64% […] due to increase in glazing 
area.” 
1.2.2. Performance.  Bilbao and Sproul [18] analyzed the performance of four 
different PVT models in TRNSYS: Type 50, Type 50c, Type 850 and empirical relation 
presented by Akhtar and Mullick.  The Type 50 produced thermal output errors of up to 
60%, and concluded that “it appears clear that Type 50 offers several limitations where 
high levels of accuracy are required.”  “The work proposed by Akhtar and Mullick [19] 
proved to be exceptionally accurate when compared to the complete numerical solution.” 
Anderson el at. [20] analyzed a building integrated photovoltaic-thermal (BIPVT) 
system and attempted to maximize the panel performance.  They found that “the collector 
base material made little difference to the thermal efficiency;” however they did find that 
using steel marginally reduced the electrical efficiency.  Anderson concluded the pipe 
width to pipe spacing ratio needed to maximized, and that increasing the 
transmittance/absorptance product increased the thermal efficiency the most without 
greatly compromising the electrical efficiency.  
Zondag et al. [21] determined that glazed PVTs have much higher thermal 
efficiencies, but the unglazed panels have higher electrical efficiencies.  They also 
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concluded that tested systems had fairly low overall production, and that “further 
optimization for this class of systems [are] necessary.”  Zondag et al. [22] compared the 
production performance of various PVT panel configurations using different 
combinations of restricted and unrestricted flows with water-air combination cooling.  
The combined electrical and thermal efficiency of the PVT panel at equal inlet and 
ambient temperatures was over 50%.  The primary conclusion was that the PV on-sheet-
and-tube design was only 2% in thermal efficiency, but was much easier to manufacture 
than the more complex configurations.   
Avezov et al. [23] reviewed and compared various PVT panels, which used forced 
or natural flow with air or water has the heat transfer fluid.  Two major conclusions from 
the paper were the techniques used to improve overall performance were dependent “ on 
the location and its application which dictates the usage of appropriate design 
considerations,” and “there is still more problems to be undertaken in terms of design 
aspects before PV-T systems can be successfully implemented and integrated into 
domestic and commercial applications.”  Zondag and Helden [24] tested PVT panels 
within domestic-based system configurations, and concluded that water-cooled PVT 
panels performed better than those cooled by air.  They also determined that glazed 
panels within a closed-loop system performed considerably better than unglazed panels in 
an open-loop system.   
Axaopoulos and Fylladitakis [25] evaluated the energy- and economic-based 
benefits of commercial available PVT systems.  They assessed both the electricity and 
hot water production within three different European countries with very different 
weather conditions.  Economic diagrams were used to show “how legislation and fuel 
prices would affect the value of such systems and useful observations [were] made 
regarding the evaluation of their [energy production].”  According to Bakker et al. [26], 
the market is ready for cost-effective photovoltaic-thermals.  The study consisted of 25 
m2 and concluded that the photovoltaic-thermal system’s cost and payback period was 
two-thirds that of separate photovoltaic and thermal systems of the same size.   
Erdil et al. [27] found that the addition of a thermal system to a standard size (10 
m2) photovoltaic array in Cyprus added approximately 2.8 KWh of thermal energy per 
day to the system.  This reduced the electrical output by about 11.5%, but the pay-back 
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period for the PVT panels were less than two years than the same sized PV panels.  
Tripanagnostopoulos et al. [28] studied various PVT panel configurations tested in 
Greece.  They stated that PVT panels were well suited in locations with higher irradiance 
and ambient temperatures.  Tripanagnostopoulos concluded that the “improvement of the 
system performance can be achieved by the use of an additional glazing to increase 
thermal output, a booster diffuse reflector to increase electrical and thermal output, or 
both, giving flexibility in system design.”  Kalogirou and Tripanagnostopoulos [29] made 
a comparison between the efficiency and cost of larger systems versus smaller systems.  
They found that the typical PV panels produced about 38% more electrical energy, but all 
excess heat is lost from the panels.  The team concluded that the PVT panels became 
more economically feasible with larger arrays and in areas with higher available solar 
radiation.  Kalorgirou [30] used TRNSYS models to simulate PVT panels in Cyprus.  He 
concluded that optimum water flow rate for the system was 25 l/hr, and the hybrid system 
increased the mean annual efficiency of the PV solar system from 2.8% to 7.7%.   
Charalambous et al. [31] developed a mathematical analysis that would determine 
the optimal absorber plate configuration of a fin-tube PVT panel.  “The analysis was 
based on the “low-flow” concept whose advantages include: improved system 
performance, smaller pump (less expensive with lower power consumption), smaller 
diameter tubes requiring lower thickness and thus cost of insulation, less construction 
power and time for the optimum absorber configuration.”  Ultimately they concluded that 
they serpentine prototype had a slightly higher thermal performance than the header-riser 
prototype.  
1.2.3. PVT Comparisons/Reviews.  Chow et al. [32] compared both glazed and 
unglazed PVT panels.  They noted that depending on which energy is most useful 
(electrical or thermal); there is no straight forward method of choosing a glazed or 
unglazed PVT panel for different applications.  “From the first law point of view, a 
glazed PV/T system is found always suitable as we are to maximize the quantity of either 
the thermal or the overall energy output.  From the exergy analysis point of view 
however, the increase of PV cell efficiency, packing factor, water mass to collector area 
ratio, and wind velocity are found favorable to go for an unglazed system, whereas the 
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increase of on-site solar radiation and ambient temperature are favorable for a glazed 
system.” 
Dupeyrat et al. [33] compared the electrical and thermal performances of several 
different glazed flat plate PVT panels using a simple two-dimensional thermal model.  
Different modifications were tested to improve the output.  They concluded that “this 
solar PV–T collector is reaching, in these standard conditions, the highest efficiency level 
reported in the literature,” which was 79% thermal efficiency at equal inlet and ambient 
temperatures and 8.8% electrical efficiency.  
Charalambous et al. [34] reviewed available literature on PVT panels as of 2007.  
The paper’s topics included: description of flat plate and concentrating, water and air 
PV/T collector types, analytical and numerical models, simulation and experimental work 
and qualitative evaluation of thermal/electrical output.  They concluded that “it is clear 
that PV/T collectors are very promising devices and further work should be carried out 
aiming at improving their efficiency and reducing their cost, making them more 
competitive and thus aid towards global expansion and utilization of this environmentally 
friendly renewable energy device.” 
Chow [35] reviewed the available literature on PVT panels as of 2010.  Chow 
noted that the research focus of PVT panels has been on innovative systems, testing 
procedures, and design optimization.  Air PVT panels were recommended for low 
irradiance and low ambient temperature, but water PVT panels were recommended for 
high irradiance and high ambient temperature.  With the paper it was stated that 
“numbers of commercially available collectors and systems are still very limited,” and 
product reliability and costs are still major issues. Chow stated that “the research and 
development work should be carried on, including thermal absorber design and 
fabrication, material and coating section, energy conversion and effectiveness, 
performance testing, system optimization, control and reliability.”  
Daghigh et al. [36] reviewed the available literature as of 2011 for various 
advances in liquid-based PVT panels.  They stated that there are not effective methods 
for cooling PVT panels, and that they are typically “more desirable and effective than air 
based systems.”  They concluded that the direct expansion solar-assisted heat pump 
system achieved the best PVT cooling.  
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Zhang et al. [37] reviewed the available literature as of 2012 on the R&D progress 
and practical applications of PVT technologies.  The “systems were found to have a few 
technical challenges in practice, which require further resolutions. The review research 
suggested that further works could be undertaken to (1) develop new feasible, economic 
and energy efficient PV/T systems; (2) optimize the structural/geometrical configurations 
of the existing PV/T systems; (3) study long term dynamic performance of the PV/T 
systems; (4) demonstrate the PV/T systems in real buildings and conduct the feasibility 
study; and (5) carry on advanced economic and environmental analyses.”  
1.2.4. Panel Improvements.  Othman et al. [38] discussed the future possibilities 
and outlook for PVT panels.  They stated that new technology developments of PVT 
should increase their efficiencies while reducing the production cost, which will increase 
the viability for commercial applications.   
Kalogirou and Tripanagnostopoulos [39] used TRNSYS to evaluate industry PVT 
systems for Nicosia, Athens and Madison.  They concluded that PV panels produce about 
25% more electricity, but that the thermal gain is very useful to industries where large 
volumes of hot water are required.  “The economic viability of the systems is proven, as 
positive life cycle savings are obtained in the base of hybrid systems and the savings are 
increased for higher load temperature applications.”  
Assoa et al. [40] experimented and analyzed a new PVT panel configuration that 
“combines preheating of the air and the production of hot water in addition to the 
classical electrical function of the solar cells.”  The new panel configuration allowed for 
higher mean plate temperatures than is possible within most PVT panels.  The group also 
simplified the steady-state, two-dimensional model for a bi-fluid PVT panel with forced 
ventilation of an air gap with laminar water flow.  The model was experimentally verified 
to determine the effects of various system factors.  The experimental PVT panel’s 
“thermal efficiencies [were] able to research approximately 80% and the estimation of 
[the] electrical efficiency indicated that the cooling of the PV cells [was] satisfactory.”  
He et al. [41] experimented on PVT panels using natural fluid circulation.  They 
stated that since more than 85% of the incoming irradiance on a PV panel is reflected or 
absorbed as heat, “the working temperature of the solar cells increases considerably after 
prolonged operations and the cell’s efficiency drops significantly.” They concluded that 
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daily thermal efficiencies could reach around 40% when the fluid inlet and air ambient 
temperature were the same.  
1.2.5. Gaps in Research.  The experimental PVT panels presented in the 
previous Literature Review used a traditional absorber plate material (i.e. a metallic plate) 
within the panel construction.  Research on non-traditional plate material was determined 
to be insufficient.  The other research area that appeared be to lacking was a detailed 
comparison of available PVT TRNSYS models.  Many of the papers listed in 
“Modelling” portion of the Literature Review utilize either MATLAB and/or TRNSYS 
components; however an evaluation of various models was lacking.  
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2. PREVIOUS RESEARCH 
2.1. BACKGROUND 
The following section, “Previous Research,” details research that was completed 
as part of a thesis for Nicole C. Annis for a Master’s of Science Degree, which was 
awarded in August 2010 [42].  More information for the following research can be found 
in conference papers prepared by Nicole C. Annis and Stuart W. Baur [43] [44], and in 
the Comprehensive Exam for Nicole C. Annis as part of this dissertation [45].  
2.1.1. History.  In 2012 an article by Baur and Lamson, explained a building-
integrated solar thermal electrical panel (STEP) system, which was tested and used on the 
2005 Missouri University of Science and Technology’s (Missouri S&T) Solar Decathlon 
home [46] .  The basis for the PVT system was a standing seam metal roof with channels 
for the copper pipes.  The metal roof acted as a fin or absorbing plate for the pipes.  The 
photovoltaic portion was comprised of self-adhered amorphous silicon solar cells 
connected in series.  The entire system was encapsulated with low-iron glass to trap and 
amplify the solar irradiation.   
A major issue was emphasized after the testing and application of the STEP 
system on the 2005 Missouri S&T Solar Decathlon house.  The STEP system was 
complex to construct, install and maintain since the entire system was building-
integrated.  Creating a modular, easy-to-construction PVT panel was the modification 
made to the STEP system and was the basis for the following research.  The resulting 
PVT panel designs were easy to construction, used readily available materials, and did 
not damage or modify the manufactured PV panel.  In addition to reducing the labor 
costs, the modular PVT panels also require less material to construct the panels, because 
the metal frame that held the photovoltaic panel also contained the pipes and insulation 
for the thermal panel.  The PVTs were also a more efficient use of roof space and 
required less mounting equipment, compared to separate photovoltaic and thermal 
systems.   
2.1.2. Scope of Project.  The purpose of this research was to design and build a 
modularized photovoltaic-thermal panel that would improve upon the previous PVT 
panel design and research concluded on the Missouri S&T campus and be aligned with 
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International Energy Agency Task 35 – Solar Heating Cooling Programme goals of 
increasing system efficiency and lowering assembly costs.  The scope of the project 
included three phases.  Step one was to create several prototype photovoltaic-thermal 
panels and test them.  Step two was to take the most efficient PVT panel from step one 
and test the PVT in series with multiples of the same panel.  Step three was to model all 
panels and configurations in TRNSYS 16 to gather year-round data for all prototypes. 
2.2. PANEL CONFIGURATIONS 
The subsequent selection describes each panel design, which includes materials 
used and their dimensions.  Each of the PVT panels contained one modification from the 
previous panel.  This minimized the number of variables and factors to consider when 
comparing the performance of the panels.   
2.2.1. PVT A.  Panel A (PVT A) was a photovoltaic-thermal panel.  The 
photovoltaic section was comprised of a BP 4175B, which was a 175 watt, 
monocrystalline panels.  The thermal section of PVT A was designed as a tube-plate 
panel with a non-traditional absorber plate material.  The piping consisted of with three 
12.7mm (0.5”) copper pipes at 1.26 m (49.5”) in length and spaced 22.2 cm (8.75”) apart.  
The longitudinal pipes were connected with two 1.27 cm (0.5”) lateral pipes that served 
as the inlet/outlet for the thermal panel.  For PVT A, the more typical metal fin absorber 
plate was replaced with a highly conductive graphite-based laminated sheet.   
The graphite sheet came in a 45.7 cm (18”) wide roll with an adhesive backing on 
one side.  One sheet of 3.81 cm (1.5”) extruded polystyrene foam board was cut to the 
size of the photovoltaic frame and grooves were routered for the thermal panel pipes.  
Strips of the graphite sheeting were cut to the width of the panel with several extra 
inches, so the sheeting could be wrapped around the copper pipes.  Each graphite sheet 
was tightly fitted into the three grooves across the panel, and then kept in place with the 
adhesive backing.  The cooper pipe assembly was tapped into place.  Extra strips of the 
graphite sheeting were cut and attached to the top of the copper pipes, which were not in 
contact with the foam and sheeting.  These small strips helped to create a thermal bridge 
across the back of the photovoltaic panel and created a consistent flow of heat.  See 
Figure  2.1 for a cross sectional drawing with detail and material list of the PVT A panel.  
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The completed thermal panel was placed into the back side of the photovoltaic 
panel with the copper pipes and thermal sheet facing the back of the photovoltaic panel.  
Strips of wood were bolted to the pre-existing holes within the BP 4175B frame.  The 
strips forced the thermal panel into contact with the back of the photovoltaic panel, and 
required no modification to the PV panel itself.  
2.2.2. PVT B.  Panel B (PVT B) was another photovoltaic-thermal panel, with a 
larger pipe.  PVT B used the same BP 4175B photovoltaic and was constructed using the 
same thermal configuration as PVT A, except for the pipe diameter was 19.1mm (0.75”).  
PVT B also used the graphite sheets with the three 19.1mm (0.75”) pipes at 1.26 m 
(49.5”) in length and spaced 22.2 cm (8.75”) apart.  The longitudinal pipes were 
connected with two 19.1mm (0.75”) lateral pipes that served as the inlet/outlet for the 
thermal panel.  The graphite sheet and 3.8 cm (1.5”) extruded polystyrene foam board 
was cut and placed in the back of a BP 4175B photovoltaic panel in the same method 
used to construct PVT A.  See Figure  2.2 for a cross sectional drawing with detail and 
material list of the PVT B panel. 
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2.2.3. PVT C.  Panel C (PVT C) was comprised of the same type of photovoltaic 
panel (BP 4175B) as PVT A and B, and used the same pipe size and layout as PVT B, but 
with a fin tube design.  The three 19.1 mm (0.75”) copper pipes continued 1.26 m (49.5”) 
up the length of the back of the photovoltaic panel.  The pipes were spaced 22.2 cm 
(8.75”) on center apart from each other.  Two copper pipes connected the longitudinal 
pipes laterally on either end. The lateral pipes also served as the inlet/outlet for the 
thermal panel.   
Unlike PVT B, PVT C used a more traditional tube-fin configuration for the 
thermal panel.  The absorber plate was made from an extruded aluminum fin, which had 
a rounded portion and a flat portion. The rounded portion fit firmly around the copper 
pipes and held them in place. The flat portion was attached to the back of the 
photovoltaic panel and conducted heat toward the copper pipes.  The fins were attached 
only on the three longitudinal pipes, but each pipe had one continuous fin that continued 
the entire length of the pipe.  The pipes and fins were adhered to the back of the 
photovoltaic panel using a thin layer of silicone caulk. The whole assembly was enclosed 
with a sheet of 19.1 mm (0.75”) thick extruded polystyrene foam board.  See Figure  2.3 
for a cross sectional drawing with detail and material list of the PVT C panel.  
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2.2.4. PV D.  There was one photovoltaic panel tested, Panel D (PV D).  It was 
the same type of photovoltaic panel used in PVT A, B and C (BP 4175B). The PV was a 
175 watt, monocrystalline panel with a manufactured efficiency of 14.7% at standard 
testing conditions.  The panel was tested alongside the photovoltaic-thermal panels to 
obtain a baseline for the electrical output and thermal gradation across the panel.  Panel D 
was a standalone PV panel with no thermal assembly attached to the backside of the 
panel thus allowing for unobstructed air flow behind the panel. 
2.3. EXPERIMENTAL TESTING 
The experimentation of the previous research included two different testing 
configurations and setups.  The intent of the Setup #1 was to test different photovoltaic-
thermal panels and determine which one was the most efficient.  The Setup #2 was 
designed to take the most efficient photovoltaic-thermal panel from Setup #1 and test 
multiples of the same panel in series.  The purpose of this setup was to determine the 
change in thermal efficiency, if any, when multiple photovoltaic-thermal panels were 
connected in series.  In typical residential photovoltaic-thermal systems, water would not 
flow through just one panel, but would continue through a series of panels to gain a 
greater rise in temperature. 
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The testing procedures were the same for both setups, which included mounting 
the frames, positioning photovoltaic panels, connecting wires and pipes, calibrating 
sensors, setting water flow and collecting testing data.  The bottom portion of the frame 
was determined to horizontal with the use of a level.  Then the panel angle was verified 
using a mathematical compass on-site by lining the zero degree line with the bottom 
portion of the frame.  The south-facing angle of the panel was determined using a 
magnetic compass.  The thermocouples were placed on the inlet and outlet pipes.  On-site 
and without water present within the pipes, the thermocouple readings were taken and 
verified that they were within the tolerances listed in the product specifications.  The flow 
was verified with mechanical flow valves and using a measuring pitcher and stop watch.  
Once the water was turned on and the flow remained consistent for at least one minute, 
the water was diverted into a pitcher with ounces and gallons marked on the side of the 
container.  The flow was collected for one minute and compared to the reading on the 
mechanical flow valve.  Testing was done over the course of several days to obtain more 
reliable data and remove abnormal weather conditions.  After the testing was complete, 
the data was complied, analyzed, and graphed so that it could be interpreted and 
compared. 
The panels were placed on the frames, which were positioned on the ground 
facing south and tilted at 38 degrees up from the ground.  The tilt angle was chosen to 
optimize the system for year-round in Rolla, Missouri (38⁰ latitude) and not for a specific 
season.  A pyranometer was placed between the panels on the frame to record the actual 
irradiance on the panels. 
2.3.1. Setup #1.  The initial setup (Setup #1) consisted of one panel for each of 
the three prototype photovoltaic-thermal panels (PVT A, B and C) and one photovoltaic 
panel (PV D).  All four panels were tested alongside each other to decrease the number of 
weather-based variables.  The simultaneous testing also allowed for inlet temperatures to 
be consistent for all of the panels, which enabled a direct comparison between the 
photovoltaic-thermal panels. 
The thermal portion of the photovoltaic-thermal system included all water pipes, 
tanks, pumps, valves and the copper manifold, which was enclosed behind the 
photovoltaic panel.  The delay in the heat transfer from the solar irradiance or changes in 
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the inlet temperatures is an inherent problem when testing photovoltaic-thermal panels. 
This is due to the thermal massing within the photovoltaic and thermal panels.  It can take 
serval minutes for the heat to transfer from the photovoltaic panel through the absorbing 
plate and into the fluid or inversely from the fluid to the photovoltaic panel.  As a result, 
the open-loop system was selected to maximize the thermal gain potential for each panel 
style and minimize the thermal massing effect.  An open-loop system means that once the 
water passes through the panels, it was not reused within the panels again.  The benefit of 
the open-loop system was that the inlet temperatures could be kept at a consistent 
temperature for long periods of time, which resulted in more statistically consistent data 




Figure  2.4. Mater’s Research Setup #1 Thermal Schematic 
 
 
The main water supply used during testing domestic water from the local utility, 
which had an average temperature of approximately 12.8-15.6°C (55-60°F).  To obtain 
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data for various inlet temperatures, a hot water heater was used in conjunction with the 
groundwater.  A mixing valve was connected to both water sources to allow the desired 
inlet temperature to be set and changed as needed.  The flow was controlled individually 
with separate mechanical flow meters on each water line.  The flow meters were carefully 
monitored during the experiment since they worked off of pressure in the water lines to 




Figure  2.5. Master’s Research Setup #1 Electrical Schematic 
 
 
The electrical portion of the photovoltaic-thermal system consisted of the 
electrical wiring, batteries, lights, shunts and the photovoltaic panel.  Although the 
electrical output was a critical part of the system, it was not used to determine which 
photovoltaic-thermal prototype would be chosen for the Setup #2.  Solar cells, even 
highly efficient mono-crystalline cells, vary slightly from cell to cell.  As a result, 
photovoltaic panels vary slightly in efficiency and electrical output from one panel to the 
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next.  Since the Setup #1 was testing only one panel for each of the three prototype 
photovoltaic-thermal panels, the variation in electrical output is too small to definitely 
conclude the cause of the variation.  See Figure  2.5 for a schematic of the Setup #1 
electrical system.  
One of the purposes of the standalone photovoltaic panel (PV D) was to have a 
baseline for the thermal images. Photovoltaic panels typically have very consistent 
temperatures across the panel, but they radiate waste heat from the back of the panel.  
Panels A, B and C are encased in the back with foam to help capture the waste heat.  The 
foam greatly reduces the temperature of the back (approximately 12°C or 53°F 
reduction), which in most applications are abutting a building, because it is contained 
within the PVT panel and not radiating off the back of the panel.  The cool fluid within 
the thermal panels helps reduce the temperature of the photovoltaic panel.  The 
temperature gradient was caused by the fin efficiency, or the absorbing plate’s ability to 
conduct heat towards the fluid.  Figure  2.6 and Figure  2.7 are thermal images of the panel 
fronts and backs for Setup #1.  The dark red portions are the hottest (highest 
temperatures); while the dark blue portions are the coolest (lowest temperatures).  The 
dash lines represent the panel’s edge.  The solid lines are the approximate centerline of 










Figure  2.7. Setup #1 Thermal Image of the Foam on Back of Panels A, B, C and D 
 
 
2.3.2. Setup #2.  Setup #2 consisted of three photovoltaic panels (PV D) and three 
prototype photovoltaic-thermal panel (PVT A), which was selected based on a similar 
performance during Setup #1.  The three photovoltaic panels were used as an electrical 




Figure  2.8. Master’s Research Setup #2 Thermal Schematic 
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The thermal portion of Setup #2 was the same as Setup #1 with the exception being 
that the three photovoltaic-thermal panels (PVT A) were connected in series to increase the 
thermal gain.  The water flowed from the groundwater/hot water mixing value to the first 
photovoltaic-thermal panel (PVT A1).  The other two photovoltaic-thermal panels (PVT A2 
and A3) were linked to the first in the series, so the fluid passed through all three panels 
before exiting the system.  The tubing connected one panel to the next was only as long as 
required, and contained a thermal sensor in the middle of the tubing.  This allowed the outlet 
temperature of one panel to be used as the inlet of the next panel in thermal efficiency 




Figure  2.9. Master’s Research Setup #1 Electrical Schematic for PVT/PV Systems 
 
 
The electrical portion consisted of the three photovoltaic-thermals connected in 
parallel and three photovoltaic panels in parallel. The electrical output and efficiency of the 
three photovoltaic panels were directly compared to the electrical output and electrical 
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efficiency of the three photovoltaic-thermal panels in the Setup #2 a shunt was placed on the 
negative lead of each system. An electrical shunt uses a small but extremely calibrated 
resistance to enable the data logger to determine the amperes for each system.  The voltage of 
the system was kept consistent by connecting two, twelve volt batteries together as a load.  
To keep the batteries from over-charging, car head lights were connected to the batteries.  
The lights were rated for one hundred watts and twelve volts each.  Two of the lights were 
hooked together in series for each panel being tested, and then all of the coupled lights, six 
groups in total, were connected in parallel.  The batteries were fully recharged after each test 
day.  See Figure  2.9 for a schematic of the Setup #2 electrical system.  The electrical 
system consisted of the same layout for the PVT and PV systems.  
Figure  2.10 and Figure  2.11 are thermal images of the panel fronts and backs for 
Setup #2.  The dash lines represent the panel’s edge.  The solid lines are the approximate 









Figure  2.11. Setup #2 Thermal Image of the Foam on Back of Panels A1-3 and D1-3 
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2.3.3. Data and Results.  Data points were collected from all temperature, 
electrical and pyranometer sensors every fifteen (15) seconds during each testing day.  
Six days’ worth of data was collected on August 8th, 9th, 12th, 24th and 30th and September 
2nd of 2009 for Setup #1.  Nine days’ worth of data was collected on October 18th, 19th, 
20th, 24th, and 31st and September 2nd, 3rd, 4th and 5th of 2009 for Setup #2.  After all of 
the data was collected, the information was transferred to a spreadsheet for analysis.  
Data was gathered approximately three hours before and three hours after solar noon. 
Once the data was combined with the weather information, a third-order of two standard 
deviations statistical analysis was performed on the thermal and electrical efficiencies 
calculated from the testing data.  This removed any data outliers. After the statistical 
analysis, graphs were generated from the data.  Thermal efficiency and electrical 
efficiency curves were generated for each photovoltaic-thermal panel for both setups.  
ASHRAE 93 “Methods of Testing to Determine the Thermal Performance of Solar 
Collectors” [47] recommends that the performance of a thermal collector, including PVT 
panels, compare the efficiency verses difference of inlet and ambient temperatures over 
the irradiance on the panel.  The equations for thermal efficiency (Equation  2.1) and 
electrical efficiency (Equation  2.2) are shown below.  The x-axis is the difference in inlet 
and ambient temperatures, divided it by the available solar radiation (Equation  2.3). A 
line of best fit was plotted from the data points, and the line equation(s) was generated.  
 
 
𝜂𝜂𝑝𝑝ℎ𝑝𝑝𝑒𝑒𝑒𝑒 =  �?̇?𝑚 ∙ 𝐶𝐶𝑝𝑝 ∙ (𝑇𝑇𝑜𝑜𝑜𝑜𝑝𝑝 − 𝑇𝑇𝑖𝑖𝑖𝑖)�(𝐴𝐴𝑐𝑐 ∙ 𝐺𝐺)  




𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐 =  (𝐼𝐼 ∙ 𝑉𝑉)𝑀𝑀𝑀𝑀𝑀𝑀(𝐴𝐴𝑐𝑐 ∙ 𝐺𝐺)  
Equation  2.2 
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𝑋𝑋𝑝𝑝𝑎𝑎𝑖𝑖𝑎𝑎 ∶  [𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑝𝑝](𝐺𝐺)  




Typically in residential photovoltaic systems, the panels are used to produce 
electricity, which is then used to heat water. Photovoltaic-thermal panels, however, use 
the excess solar irradiation, which was not converted into electrical power, to heat water 
directly. The thermal gain was converted into terms of electrical power (watts). This 
allowed a direct comparison of the total system power output to be made for both the 
photovoltaic and photovoltaic-thermal panels.  For the conversion between thermal gain 
and electrical power the specific heat of water (4,186 J/kg·°C) was used along with the 
assumption that the conversion was ideal. This assumption made the total system output 
rather conservative since most electrical hot water heaters are less than 100% efficient, 
and would have required a large amount of power to create the same rise in water 
temperature. 
In Setup #1, photovoltaic-thermal PVT A, B and C had thermal efficiencies of 
33.6%, 26.4% and 28.7%, respectively, on average days.  Panels A, B and C at 1.9 lpm 
(0.5 gpm) had thermal gain plus electrical output equivalents of 394.0, 363.2 and 422.9 
watts, respectively.  This is approximately a 304%, 280% and 326% increase, 
respectively, from the actual electrical output of each PVT panel.  Table  2.1 summarizes 
each panel properties and results for both setups.  Figure  2.12 graphically shows the 
thermal efficiency summaries for each photovoltaic-thermal panel.  The Figure  2.13 
illustrates the difference in actual electrical output (shown as dash-dot lines), thermal 
gain in terms of power (shown as dashed lines) and the combined system power output 






Table  2.1. Setup #1 Panel Properties and Results Summary 
Properties PVT A PVT B PVT C PV D 
Panel Type PVT PVT PVT PV 









Thermal Efficiency 33.6% 26.4% 28.7% - 
Total Power (watts) 394.0* 363.2* 422.9* 129.6 











Figure  2.13. Setup #1 Power Due to Thermal Gain and Actual Power Output 
 
 
In Setup #2 the system thermal efficiencies for 0.5, 1.0 and 1.5 gallon per minute 
flows were 51.0%, 40.3% and 64.4%, respectively.  The electrical efficiencies for Setup #2, 
when the inlet and ambient temperatures equaled, were 11.6% for 0.5 gallon per minute flow 
and 11.2% for 1.0 and 1.5 gallon per minute flow.  The thermal gain plus electrical output for 
Setup #2 at 0.5, 1.0 and 1.5 gallon per minute flow were 931.9, 1,281.2 and 1,496.8 watts, 
respectively, which was a 154.7% , 261.4% and 409.1% increase from the electrical output of 
three photovoltaic panels.  For the three photovoltaic-thermal panels in series (PVT A1-3) the 
ideal fluid flow rate was approximately 1.5 gallon per minute.  At this flow rate the thermal 
and electrical efficiencies were 64.4% and 11.2%, and the thermal gain plus electrical power 
output was approximately 1,496.8 watts.  Table  2.2 summarizes each panel properties and 





Table  2.2. Setup #2 Panel Properties and Results Summary 
Properties Series A1-3 Series D1-3 
Panel Type PVT PV 
Number of Panels 3 3 
Inlet/Outlet Size 0.5” (12.7mm) Ø - 
Conducting Material Graphite Sheeting - 
Thermal 
Efficiency 
0.5 gpm (1.9 lpm) 51.0 % - 
1.0 gpm (3.8 lpm) 40.3 % - 
1.5 gpm (5.7 lpm) 64.4 % - 
Electrical 
Efficiency 
0.5 gpm (1.9 lpm) 11.6 % 
11.7 % 1.0 gpm (3.8 lpm) 11.2 % 




0.5 gpm (1.9 lpm) 931.9 
323.0 1.0 gpm (3.8 lpm) 1281.2 
1.5 gpm (5.7 lpm) 1496.8 
* Power due to actual output plus thermal gain in terms of power 
 
 
2.4. TRNSYS MODELLING 
TRNSYS 16, a transient systems simulation program with a modular style 
structure was used for this project to model the PVT.  The modular structure of TRNSY 
allowed for customizable components to be used when creating the individual models.  
Type 250 PVT model was used to simulate the photovoltaic-thermal panel.  Type 250 
was created by Michael Collins at the University of Waterloo in Waterloo, Canada from 
the original TRNSYS Type 50 component from the Trademark Electronic Search System 
(TESS) library.  The Type 250 and Type 50 were photovoltaic-thermal panels which 
were cooled by liquid. 
2.4.1. Methodology.  To model each photovoltaic-thermal panel as accurately as 
possible, the inputs parameters were unique for each panel.  The equations used to 
determine the parameter values came from Solar Engineering of Thermal Processes by J. 
Duffie and W. Beckman [48] and Photovoltaic Systems Engineering by R. Messenger 
and J. Ventre [49].  Equation  2.4 - Equation  2.12 were used to calculate the thermal and 
electrical efficiency of the PVT.  The models simulated year-round data at one hour 
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intervals for all three single photovoltaic-thermal panels and photovoltaic-thermal panels 
in series at 0.5, 1.0 and 1.5 gallon per minute.  Once generated, the temperature and 
electrical outputs were transferred to a spreadsheet.  The data was further separated by 
month to obtain monthly averages.  The weather data used for all of the models was the 
TESS weather file for Columbia, Missouri. 
 
 
 F′ = 1 UL⁄W ∙ � 1UL ∙ [D + (W − D) ∙ F] + 1Cb + 1π ∙ Di ∙ hfi� 
Equation  2.4 
 
 
 F =  tanh[m ∙ (W − D)/2]m ∙ (W − D)/2  
Equation  2.5 
 
 
 UL = Ut + Ub + Ue 
















σ ∙ �Tpm + Ta� ∙ �Tpm2 + Ta2�1
εp + 0.00591 ∙ N ∙ hw + 2N + f − 1 + 0.133εpεg − N⎠⎞ 
Equation  2.7 
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Ub = k𝑓𝑓t𝑝𝑝𝑒𝑒 




 Ue = (U ∙ A)edgeAC  




∀Actual = Aback ∙ teq 
Equation  2.10 
 
 
 kPV Cell =  ∫Φe,603 ∙ (D ∙ λ) ∙ ∂λ∫Φe,603 ∙ (λ) ∙ ∂λ =  nt ∙ nem = k ∙ L 




𝑃𝑃𝑉𝑉 𝑃𝑃𝑃𝑃𝑃𝑃𝑘𝑘𝑃𝑃𝑃𝑃𝑃𝑃 𝐹𝐹𝑃𝑃𝑃𝑃𝐹𝐹𝐹𝐹𝐹𝐹 =  (𝑃𝑃𝑉𝑉 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐴𝐴𝐹𝐹𝐶𝐶𝑃𝑃) ∙ (𝑁𝑁𝑁𝑁𝑚𝑚𝑁𝑁𝐶𝐶𝐹𝐹 𝐹𝐹𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)(𝑇𝑇𝐹𝐹𝐹𝐹𝑃𝑃𝐶𝐶 𝑃𝑃𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶 𝐴𝐴𝐹𝐹𝐶𝐶𝑃𝑃)  
Equation  2.12 
 
 
2.4.2. Results and Comparison.  The average thermal percent error of the 
TRNSYS models for Setup #1 PVT A, B and C were -130.7%, -166.1% and -111.0%, 
respectively.  For Setup #2 PVT A1-3 at 0.5, 1.0 and 1.5 gallon per minute flows, the 
modelling average thermal percent errors were -84.7%, -25.4% and -22.7%, respectively.  
For Setup #2 PVT A1-3 at 0.5, 1.0 and 1.5 gallon per minute flows, the modelling 
average electrical percent errors were 13.1%, -60.4% and 164.2%, respectively.  The 
failures and possible improvements are disused in Section  3.1.  
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2.5. FUTURE CONSIDERATIONS 
After the completion of the experimentation and modelling simulations, several 
inadequacies were apparent and needed to be addressed before farther testing was 
completed.  The graphite thermal sheet used in PVT panels A and B showed great 
potential, but the pipe spacing was too large.  A forth pipe along the back of the 
photovoltaic panel (PVT A) was expected to lessen the temperature gradation across the 
panel.  In return, the thermal and electrical efficiencies of PVT panel A would increase.  
Another inadequacy was the TRNSYS Type 250 model that was used.  The model was 
very limiting when imputing the panel and system parameters.  It was suggested that the 
Type 250 model and other PVT TRNSYS models should be compared and researched. 
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3. EXPERIMENTATION 
3.1. SCOPE OF PROJECT AND IMPROVEMENTS 
A problem that was identified as a result of the previous research was the poor 
correlation of results between the model and the experimental setup. While several 
factors were determined to contribute to the discrepancies, five major factors provided 
the most notable contributions to the results. 
The first contributing factor was the number of variables created when the panels 
were exposed to actual weather conditions.  Although the experimental setups were 
designed to minimize the number of variables, testing in outdoor conditions provided 
little control over the change of weather conditions from day to day or even over the 
course of a single day.  The only method to further minimize the effects of changing 
weather was to testing within a controlled environment (i.e. indoors).  However, this 
option was not ideal, because it is not truly representative of real-world photovoltaic-
thermal applications.  As a result the experimental setups were tested outdoors, but only 
data three hours before and three hours after (+/- 3 hours) solar noon were collected.  
This operational procedure minimized the weather-based variables while providing a 
reliable real-world baseline of experimental data. 
A second contributing factor was the use of historical versus actual weather data.  
It was noted that on several occasions the weather conditions were notably different from 
the historical averages.  The Typical Meteorological Year (TMY) files, which are used in 
TRNSYS, are created from using typical (a weighted average) hourly data over the 
course of 10-30 years.  Actual Meteorological Year (AMY) weather files represent the 
actual hourly weather data for a specific year, but the data collector (i.e. weather station) 
must be at the experimental site or nearby.  The following models used user defined 
weather data that was collected onsite to calibrate the models and obtain model predicted 
output data.  [50] 
A third contributing factor was the development of the model itself.  The model 
was created to represent a photovoltaic-thermal panel with a traditional tube-plate 
thermal panel design.  The PVT A from the previous research used a non-traditional 
absorber plate material, which was also used during the subsequent research.  A 
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traditional tube-plate design used a metal material on either side of the tube up the length 
of the panel to transfer heat.  The PVT A and PVT B of the previous research and PVT2 
of the current research contained a non-metallic material, running perpendicular to the 
tubes and continuous across the entire width of the panel.  The TRNSYS modelling 
section of the following research compared the available photovoltaic-thermal panel 
models to each other, experimental data, and MATLAB modelling data.   
An additional factor was the input values used within the mode.  Based on limited 
information, the previous model was developed with several assumed or approximated 
properties.  The available photovoltaic-thermal panel theories/methods make assumptions 
on how the irradiance (light and heat) is transferred through the panel, and how quickly 
the energy is utilized.  Some of the properties typically used or default values with in the 
models and during hand calculations are for ideal conditions and not real-world 
applications.  One such example is the bond conductance between the plate and tube is 
many times assumed to infinite.  This is an ideal situation, and not representative of an 
actual photovoltaic-thermal panel.  Without detailed experimentally-verified the panel 
properties, the values used were assumed to be consistent throughout the entire panel.  
The subsequent experimental data was used to calibrate and calculate actual optical and 
thermal properties of the PVT2 panel, which was then used within the TRNSYS 
component models.  
Lastly, the fifth factor was an inherent problem within all thermal panels, which 
was delay in the thermal response time compared to the electrical output.  The PVT panel 
calculation method assumes that the weather/testing parameters (i.e. irradiance, ambient 
temperature, inlet temperature, etc.) on the panel is instantaneous and that all energy in 
equals the output (thermal and electrical) minus environmental losses.  The method does 
not directly account for thermal massing within the panel.  In addition, changes within the 
weather, such as change in ambient temperature and irradiance, effected the thermal gain 
much slower (several minutes) than the electrical output.  The following data used 
experimental data to create a baseline for the modelling predictions and determined the 
effects, if any, of thermal massing. 
The model used during the previous research was developed using the TRNSYS 
program and the International Energy Agency (IEA) - Solar Heating and Cooling (SHC) 
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Programme’s Task 35 photovoltaic-thermal component (Type 250).  The Type 250 panel 
characteristic fields were provided by the initial designer.  Many of the panel 
characteristics used for the model were from the material properties or were the Type 250 
default values or generated from material specification documents.  Without detailed 
experimentally-verified thermal properties, the values were assumed to be consistent 
throughout the entire panel.  
A key component to the modelling of PVT panels was to identify the heat transfer 
rates through the various layers.  Unlike their individual counterparts, a PVT solar panel 
combines a photovoltaic (PV) panel with a thermal (T) panel into one unit.  One of the 
factors that impact a PV panel’s power output, apart from weather characteristics, is the 
temperature of the solar cells.  As the temperature of a PV cell increases, the band gap of 
an intrinsic semiconductor decreases.  This causes the open-circuit voltage to decrease 
while the absorption factor increases [51].  Similarly the key contributors to a T panel are 
the transmission, reflection and absorption factors.  The ideal thermal panel has a matte, 
black surface.  This increases the absorption, which would allow for more thermal gain, 
and decreases the reflection and transmission of the material.   
With the PV panel placed on top of the T panel no direct light was able to reach 
the thermal panel except for the heat absorbed by the PV panel.  The glass that encased 
the PV cells increased the reflected light, and the encasing material on the back of the PV 
decreases the transmitted light to near zero.  At this point, the bond conductance between 
PV and T panel is significant in terms of minimizing any thermal transmission losses.  
Based on the preliminary study, the combined PVT panel properties are vital to creating 
an accurate model. 
The scope of this research included the (1) an experimental setup to 
simultaneously test photovoltaic (PV) and photovoltaic-thermal (PVT) panels, (2) a 
MATLAB model to determine thermal PVT properties, (3) a comparison of available 
TRNSYS PVT models using actual weather data, and (4) a comparison of TRNSYS PVT 
model using typical meteorological data files  
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3.2. PVT PANEL CONFIGURATION 
The basis for the new photovoltaic-thermal panel (PVT2) came from the PVT A 
panel design, which was used in the Master Degree research completed in 2009.  PVT A 
panel consisted of three, 1.27 cm (0.5”) diameter, longitudinal copper pipes that were 
1.26 m (49.5”) in length and a thin, graphite-laminated sheet was used as the absorbing 
plate material.  One of the problems identified during the initial research was the large 
temperature gradient across the panel.  This temperature gradient can be seen in the 
thermal images take of the panels during testing.  Figure  3.1 contains a thermal image, 
which was taken during Setup #2 of PVT A and PV D, along with the picture time and 
weather conditions.  The PVT panel temperatures ranged from approximately 85°F to 
109°F (29.4°C to 42.8°C), which was a 24°F change in temperature.  Messenger and 
Ventre stated in their book, Photovoltaic Systems Engineering, “excessive temperature 
elevation may cause the [PV] cell to fail prematurely” [49].  
 
 
Figure  3.1. Thermal Image Comparison of PV and PVT Panels 
 
 
To decrease the temperature gradient, the new PVT2 panel was designed with an 
additional vertical pipe, which decreased the pipe spacing and fin width.  According to 
figures (Figure 6.5.4a-c) found in Solar Engineering of Thermal Processes [48], the fin 
efficiency was originally estimated to increase by 6%-8% due to the decrease in pipe 
spacing. 
Testing Conditions: 
• Date: 11.03.2009 
• Time: 11:20 AM 
• Water Flow: 0.5 gpm 
• Ambient Temp.: 49.8°F 
• Pyranometer: 948 W/m2 
• Inlet Temp.: 65.2°F 
• Clouds: Minimal 
• Wind: 5 mph E/NE 
PV D PVT A 
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3.2.1. Photovoltaic Panel.  The photovoltaic panel referred to the top portion of 
the PVT2 panel, which contained the metal frame, glass covering, photovoltaic cells, 
internal cell wiring, and the laminated backing material.  The PV panel was an 
unmodified BP4175Bc consisting of 72 monocrystalline, 125mm x 125mm (5” x 5”) 
cells.  The overall panel dimensions were 1,587mm x 790mm x 50mm (62.5” x 31.1” x 
2”).  A summary of the electrical characteristics given by the manufacture at the Standard 
Test Conditions (1000 W/m2) can be found in Table  3.1 and the complete manufacture’s 
specifications can be found in Figures A.1-2 in Appendix A.  
 
 
Table  3.1. Photovoltaic Panel (BP4175B) Electrical Characteristics 
Characteristic Value 
Maximum Power (Pmax) 175W 
Voltage at Pmax (Vmpp) 35.4V 
Current at Pmax (Impp) 4.94A 
Short Circuit Current (Isc) 5.45A 
Open Circuit Voltage (Voc) 43.6V 
Module Efficiency 14.00% 
Nominal Voltage 24V 
Temperature coefficient of Isc 0.105%/⁰C 
Temperature coefficient of Voc -0.36%/⁰C 
Temperature coefficient of Pmax -0.45%/⁰C 




3.2.2. Thermal Panel.  The thermal panel referred to the encapsulated rear 
portion of the PVT2 panel, which contained the copper pipes, absorber plate material and 
foam backing.  The PVT2 panel, like the PVT A panel, used laminated, graphite sheeting 
as the absorber plate material, which helped to transfer the heat across the back of the 
photovoltaic panel and towards the copper pipes.  Copper pipes circulated the fluid 
(water) and removed heat from the entire assembly.  The foam backing served as 
structural support for the thermal panel elements and contained the heat from dispersing. 
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The copper pipe assembly of the PVT2 panel consists of four, 1.27 cm (0.5”) 
diameter, vertical copper pipes that were 1.26 m (49.8”) in length.  The pipe centerline 
spacing was reduced from 8.75” (22.2 cm) in PVT A to 7” (17.7 cm) in PVT2.  The 
vertical pipes were connected with a 1.91 cm (0.75”) pipe on either end, which served as 
the inlet and outlet for the panel.   
 
 
       




The laminated graphite sheet came in 10.2 cm (4”) wide roll.  Strips of the 
graphite sheeting were cut to the width of the panel with several extra inches, so the 
sheeting could be wrapped around the copper pipes.  Each graphite sheet was tightly 
fitted into the four grooves across the panel.  Unlike the previous version, the sheeting 
material did not come with an adhesive backing.  A thin layer of construction adhesive 
was used to hold the strips in place until the thermal panel assembly was conjoined to the 
photovoltaic panel (Figure  3.4).  One sheet of 3.81 cm (1.5”) extruded polystyrene foam 
board was cut to the size of the photovoltaic frame and grooves were routered for the 
thermal panel pipes (Figure  3.5).  The cooper pipe assembly was tapped into place 
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(Figure  3.6).  Extra strips of the graphite sheeting were cut and attached to the top of the 
copper pipes (Figure  3.7), which were in connect with the back of the photovoltaic panel 
but not in contact with the foam or sheeting material.  These small strips helped to create 





Figure  3.4. Applying Construction 
Adhesive to the Foam Back 
 
 
Figure  3.5. Routered Grooves 
in the Foam Backing 
 
 
Figure  3.6. Tubes in Thermal Panel 
 
 
Figure  3.7. Completed Thermal Panel 
 
3.2.3. Construction. Since the existing photovoltaic panel frame was used to 
house the thermal panel, the combining of the two sections were simple and straight 
forward.  No additional adhesives or fillers were added between the two panels.  Once the 
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thermal panel was placed into the back of the photovoltaic panel, slight pressure was 
added via wooden strips bolted to the photovoltaic panel frame.  The slight pressure 
ensured consistent contact between the panels.   
3.3. EXPERIMENTAL SETUP 
The experimental setup, like the photovoltaic-thermal panel, consisted of two 
major sections, which were the thermal and electrical system.  The following subsections 
outline the various components and system configuration for both.  Additional pictures of 
the experimental setup can be found in Appendix B.  
3.3.1. Thermal System.  The thermal system configuration for the current 
experiment (PVT2) was a closed loop system which consists of a tank, pump and pump 
controller.  Due to the system being closed loop, the heated water leaving the panel was 
dumped back into the water tank and continued recirculating.  To keep the inlet water 
temperature from increasing too much during the day, a 200-gallon (757-liter) 
uninsulated tank was chosen and placed outside in a shaded area.  This allowed the 
system to have substantial thermal massing and allow for nighttime cooling.  A schematic 




Figure  3.8. Thermal System Schematic 
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3.3.2. Electrical System.  The electrical system consisted of the photovoltaic 
panels, shunts and 100 watt lights. The lights were connected directly to the photovoltaic 
panels, so the data logger was able to record the actual voltage and current output via the 
shunt.  The lights were rated for one hundred watts (100W) and twelve volts (12V) each.  
The links were used as a load to complete the circuit.  Two lights were connected 
together in series for each panel being tested. The coupled lights, two groups in total, 
were connected in parallel for both the photovoltaic (PV) and the photovoltaic-thermal 
(PVT) systems.  A schematic of the electrical system, which was used for both the PVT 




Figure  3.9. Electrical System Schematic 
 
 
3.4. SENSORING AND DATA RECORDING 
Proper sensoring and recording of data was vital to properly determine the actual 
performance and thermal properties of the photovoltaic-thermal panels.  The 
temperatures recorded within the PVT panels were used to calibrate to the MATLAB 
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model, and weather data recorded was used to create user defined data for the TRNSYS 
models.  The following subsections will detail the sensors used and how the data was 
collected during the experimental portion of this research.  
3.4.1. Sensoring.  The sensoring components were broken into two different 
classifications: (1) direct panel readings and (2) weather station data.  The information 
that was collected directly from the panels included: interior PVT pipe temperatures, 
PVT inlet and outlet temperatures, PVT and PV voltages, PVT and PV currents, and total 
irradiance at panel angle.  The weather station was set up nearby on campus and its 
sensor information included: diffused horizontal irradiance, dry bulb temperature, relative 









To record temperatures off of the PVT pipes and inlet/out, thermocouples were 
placed directly onto the copper pipes.  The thermocouples recorded the change in 
temperatures, so any resistance through the tube wall was determined to be minimal and 
was disregarded.  The interior pipes of the PVT panel were completely encased, so no 
further modifications were made.  Thermocouples were placed at regular intervals along 
each longitudinal pipe, midpoints between pipes, outer edge of foam, back of foam and 
inlets/outlets.  The interior, lateral pipes were divided into three regions and 
thermocouple was placed into the center of each region.  The first row was one-sixth up 
the lateral pipes (or approximately 8.25”).  The second row was placed along the center 
line of the pipes (or approximately 24.8”).  The third was five-sixth up the lateral pipes 
(or approximately 41.3”).  A drawing of PVT panels with the pipe thermocouple 
locations can be found in Figure  3.10.  The thermocouples are symbolized by the yellow 
rectangles near the location letter. The thermocouple data helped to facilitate establishing 
the heat transfer within the thermal panel, which was used to calculate actual thermal 
characteristics of the PVT2 panel.  A picture of the thermocouples on the interior PVT 




Figure  3.11. Thermocouples Inside of PVT Panel 
 
 
The thermocouples placed on the inlet and outlet pipes were exposed to the 
environment, so once the thermocouples were placed, tubular pipe insulation was added 
to the pipes.  The insulation minimized the effects from the environment.  Figure  3.12 
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shows the thermocouples on the inlet/outlet pipes before they were covered with foam.  
The thermocouples used were an Omega T-type, which used copper and constantan.  




Figure  3.12. Uncovered Thermocouples on Inlet/Outlet Pipes 
 
 
The total irradiance on the panels was recorded by an Apogee SP-110 
pyranometer.  The pyranometer was mounted on the wood frame between the two PVT 
panels at the same angle as the panels.  The pyranometer specifications can be found in 
Appendix A (Figure A.9-10).  The voltage was recorded directly from the PVT/PV wires.  
Shunts were used to determine the currents from the PVT and PV panels.   
The air temperature and relative humidity were recorded by the “Met-Set” 
manufactured by Sutron Corporation, and was capable of measuring wind direction, wind 
speed, air temperature, relative humidity and barometric pressure.  The horizontal 
irradiance was captured and recorded by the “Silicon Pyranometer” by Sutron 
Corporation.  The ultrasonic wind sensor “560-0215” recorded the wind speed and wind 
direction, and was manufactured by Sutron Corporation.  All of the weather station data 
was recorded by the “SatLink2-V2) data logger/transmitter, which was also produced by 
Sutron Corporation.  The specifications for the equipment used in the weather station can 





Figure  3.13. Weather Station 
 
 
3.4.2. Data Recording. The data logger used was a National Instruments cRIO-
9022 real-time controller, which had eight card reader spaces.  Five total cards were used 
to record the various sensors.  The NI 9205 card was designed for 16 differential analog 
inputs, and was used to record the pyranometer readings and PVT/PV current.  The NI 
9219 card was a 4-channel, universal analog input, and was used to record the voltage 
from the PVT and PV panels.  The NI 9214 card was a 16-channel, isothermal 
thermocouple input, and was used to record the majority of the thermocouple readings.  
Two NI 9211 cards, which were 4-channel thermocouple input, were also used to 




Figure  3.14. Data Logger with Input Cards  
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The data logger was set to read the sensors every one second and then averaged 
over every fifteen minutes.  To help remove excessive outliers, the experimental data was 
recorded +/- 3 hours from solar noon.  There were two sets of data that were recorded: (1) 
from May 21, 2014 to June 13, 2014 and (2) from July 25, 2014 to September 13, 2014.  
The only difference between the two data sets was the flow rate.  The first pump failed 
due to inclement weather, so a different pump was ordered.  Both pumps were the same 
make/type but the first was had a slightly higher flow rate than the second pump.  Data 
set #1 was collected at 0.103 kg/sec; whereas the data set #2 was collected at 0.087 
kg/sec.  Table  3.2 shows the dates with daily start/stop times for both data sets.  
The weather station recorded every one second and then averaged over every five 
minutes.  The collection of the weather station data started in mid-July, so only the 
second set of experimental data was used for the TRNSYS models.  The first and second 




Table  3.2. Data Set Dates with Start/Stop Times 
Data Set #1  
 
Data Set #2 
May 21, 2014 10:15 16:12 
 
July 25, 2014 14:00 15:45 
May 22, 2014 10:15 16:12 
 
July 26, 2014 10:43 15:43 
May 23, 2014 10:15 16:12 
 
July 27, 2014 10:43 15:28 
May 24, 2014 10:15 16:12 
 
July 28, 2014 10:43 15:46 
May 25, 2014 10:15 16:12 
 
July 29, 2014 10:43 15:43 
May 26, 2014 10:15 16:12 
 
July 30, 2014 10:43 15:43 
May 27, 2014 10:15 16:12 
 
July 31, 2014 10:43 15:43 
May 28, 2014 10:15 16:12 
 
August 1, 2014 10:44 15:44 
May 29, 2014 10:15 16:12 
 
August 2, 2014 10:44 15:44 
May 30, 2014 10:15 16:12 
 
August 3, 2014 10:44 15:44 
June 1, 2014 10:15 16:12 
 
August 4, 2014 10:44 15:44 
June 2, 2014 10:15 16:12 
 
August 5, 2014 10:44 15:44 
June 3, 2014 10:15 16:12 
 
August 6, 2014 10:44 15:44 
June 4, 2014 10:14 15:53 
 
August 7, 2014 10:45 15:45 
June 5, 2014 9:53 15:53 
 
August 8, 2014 10:45 15:45 
June 6, 2014 9:53 15:53 
 
August 9, 2014 10:45 15:45 
June 7, 2014 9:53 15:53 
 
August 10, 2014 10:45 15:45 
June 8, 2014 9:53 15:53 
 
August 11, 2014 10:45 15:45 
June 9, 2014 9:53 15:53 
 
August 12, 2014 10:45 15:45 
June 10, 2014 9:53 15:53 
 
August 13, 2014 10:46 15:46 
June 11, 2014 9:53 15:53 
 
August 14, 2014 10:46 15:46 
June 12, 2014 9:53 15:53 
 
August 15, 2014 10:45 15:45 
June 13, 2014 9:53 15:53 
 
August 16, 2014 10:46 15:46 
    
August 17, 2014 10:46 15:46 
    
August 18, 2014 10:46 15:46 
    
August 19, 2014 10:46 15:46 
    
August 20, 2014 10:46 15:46 
    
August 21, 2014 10:47 15:47 
    
August 22, 2014 10:47 15:47 
    
August 23, 2014 10:47 15:47 
    
August 24, 2014 10:48 15:48 
    
August 25, 2014 10:47 15:47 
    
August 26, 2014 10:47 15:47 
    
August 27, 2014 10:47 15:47 
    
August 28, 2014 10:48 15:48 
    
August 29, 2014 10:48 15:48 
    
August 30, 2014 10:48 15:48 
    
August 31, 2014 10:48 15:48 
    
September 1, 2014 10:48 15:48 
    
September 2, 2014 10:48 15:48 
    
September 3, 2014 10:49 15:49 
    
September 4, 2014 10:49 15:49 
    
September 5, 2014 10:49 15:49 
    
September 6, 2014 10:49 15:49 
    
September 7, 2014 10:49 15:49 
    
September 8, 2014 10:49 15:49 
    
September 9, 2014 10:49 15:49 
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3.5. EXPERIMENTAL RESULTS 
The following section includes summaries of the experimental data and the 
outputs/results from the experimental setups.  The information has been divided into two 
different sets of data, because of the slight difference in flowrates.  Tables of all 
experimental data collected can be found in Appendix C.   
There were two sets of data that were recorded were (1) from May 21, 2014 to 
June 13, 2014 and (2) from July 25, 2014 to September 13, 2014.  The first data set 
included predominately mostly-cloud and/or raining days.  About 54.9% of the time 
recorded had irradiance levels of less than 500 W/m2, which was equivalent to ‘cloudy 
skies’.  Only approximately 0.3% the testing time experienced irradiance levels of 1000 
W/m2 or above, which was equivalent to ‘clear skies’.  The second data set included 
predominately sunny to partly-cloudy days.  Approximately 52.7% of the times recorded 
experienced irradiance levels of 700 W/m2 or above, which was equivalent to ‘mostly 
sunny skies’ or ‘sunny skies’.  For all irradiation level percentages for Data Set 1 and 2, 








3.5.1. Data Set #1.  The first data set included data from 23 full days of testing.  
The data for each day was gathered from approximately +/-3 hours solar noon.  A 
summary of daily weather averages and the total power output per system per day can be 
found in Table  3.3.  The overall ambient temperatures ranged from 29.4°C to 16.3°C with 
an average temperature of 23.3°C.  The overall ambient irradiance on the panels ranged 
from 1,109.3 W/m2 to 6.15 W/m2 with an average irradiance level of 468.5 W/m2.  The 
overall wind speeds ranged from 21.9 m/s to negligible with an average wind speed of 
8.23 m/s.   
 
 

















5/21/2014 723.77 26.37 12.06 737.96 3195.71 
5/22/2014 497.78 24.29 7.16 290.31 2087.92 
5/23/2014 808.82 24.35 5.32 884.68 4376.16 
5/24/2014 119.41 17.36 9.47 4.53 526.32 
5/25/2014 692.96 26.21 5.42 718.24 3474.62 
5/26/2014 409.42 24.48 9.17 273.36 1662.30 
5/27/2014 572.97 24.30 5.42 449.50 2972.40 
5/28/2014 533.86 24.02 2.68 390.81 2661.38 
5/29/2014 605.78 24.86 9.80 499.66 2982.73 
5/30/2014 652.44 25.83 7.99 593.16 3315.86 
6/1/2014 604.26 26.88 14.92 586.21 2078.10 
6/2/2014 387.91 24.48 6.93 276.62 1784.64 
6/3/2014 622.18 27.75 4.62 554.39 3213.82 
6/4/2014 476.32 22.63 8.35 364.42 1828.76 
6/5/2014 115.61 21.93 6.82 7.49 804.00 
6/6/2014 207.80 21.93 6.82 22.00 606.23 
6/7/2014 330.34 22.37 16.71 226.51 1585.77 
6/8/2014 331.45 20.45 4.57 58.34 907.89 
6/9/2014 170.03 20.34 12.99 13.83 515.28 
6/10/2014 532.01 20.02 8.76 393.85 2146.03 
6/11/2014 323.95 20.54 8.49 101.53 858.05 
6/12/2014 211.78 20.20 9.01 33.67 926.86 
6/13/2014 844.25 21.25 5.89 979.47 4128.13 
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Overall, the total power outputs per day were inconsistent for both photovoltaic 
and photovoltaic-thermal systems, because of the excessive cloud coverage.  The 
photovoltaic (PV) system daily power outputs ranged from 979.5 W·h to 4.53 W·h with 
an average of 367.9 W·h per day.  The total power output recorded by the photovoltaic 
system during the 23 days of Data Set #1 was approximately 8,460 W·h.  The 
photovoltaic-thermal (PVT) system daily power outputs ranged from 4,376.2 W·h to 
515.3 W·h with an average of 2,114.8 W·h per day.  The total power output recorded by 
the photovoltaic-thermal system during the 23 days of Data Set #1 was approximately 
4,8640 W·h.  The total power outputs for each system does not include any power 
generated by the system outside of the +/- 3 hours solar noon.   
For both PV and PVT systems the voltage was recorded directly from the 
electrical wires via the data logger.  The shunt on each negative line allowed for the 
current/amperage to also be recorded.  The wattage or power output was determined by 
multiplying the voltage and amperage together for each system.  Figure  3.16 graphically 
shows the amperage, voltage and wattage for both PV and PVT systems relative to the 
irradiance level.   
At lower irradiance levels (around 600 W/m2 and below) there was very little 
difference in the electrical outputs between the stand-alone PV panels or the hybrid PVT 
panels.  Above approximately 600 W/m2, there was a slight advantage given to the PV 
systems in terms of amperage output.  Above approximately 600 W/m2, there was a slight 
advantage given to the PVT systems in terms of voltage output.  However, the PV system 
ultimately had a higher power output (wattage) at high irradiance levels. 
The amperage data was best represented by a linear trendline.  The voltage output, 
unlike the amperage, does not respond at very low irradiance levels (under 300 W/m2).  
As a result, the voltage and wattage the data was best represented by a second-order 
polynomial equation.  At an irradiance level of 1,000 W/m2, the PV and PVT systems 
output approximately 9.89 amps and 9.68 amps, 24.1 volts and 26.4 volts, and 219.9 
watts and 216.8 watts, respectively.  The trendline equations can be found within 









In important part of determining the overall performance of a solar-based energy 
system is to calculate the panel efficiencies.  Thermal efficiency is determined by 
dividing the useful output (Qu or P) of the PVT panel by the solar input (G) into the 
system.  The process of determining the electrical efficiency is essential the same.  
Electrical efficiency is the useful output (wattage) divided by the solar input (G) into the 
system.  The equation used for thermal efficiency (Equation  3.1) and electrical efficiency 
(Equation  3.2) are listed below.  A typical graph used to evaluate PVT panel performance 
is thermal and electrical efficiencies versus change in temperature divided by irradiance.  
The change in temperature is inlet temperature minus ambient air temperature.  The 
equation for the x-axis is composed of system and environmental inputs, which are easily 
determined and have a significate effect on the PVT efficiencies.  The equation for x-axis 
can be found below (Equation  3.3). 
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𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑐𝑐 =  (𝐼𝐼 ∙ 𝑉𝑉)𝑀𝑀𝑀𝑀𝑀𝑀(𝐴𝐴𝑐𝑐 ∙ 𝐺𝐺)  




𝑋𝑋𝑝𝑝𝑎𝑎𝑖𝑖𝑎𝑎 ∶  [𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑝𝑝](𝐺𝐺)  




ASHRAE 93 “Methods of Testing to Determine the Thermal Performance of 
Solar Collectors” [47] recommends that the performance of a thermal collector, including 
PVT panels, compare the efficiency verses difference of inlet and ambient temperatures 
over the irradiance on the panel.  The graph for thermal and electrical efficiencies versus 
Equation  3.3 of Data Set #1 can be found in Figure  3.17.  The electrical efficiencies for 
both the PVT and PV panel systems are closely grouped together towards the bottom of 
the graph.  When the inlet and ambient air temperatures are equivalent (or x-axis is at 
zero) the electrical efficiencies for the PVT and PV panels were 3.42% and 3.51% 
respectively.  The thermal efficiency of the PVT panel was 20.9%, and the combined 
efficiency of the PVT panel was 24.3%.  The trendline equations for the electrical and 
thermal efficiencies for both panels can be found within Table  6.2.  The individual 
efficiency points for Data Set #1 were sporadic when compared to Data Set #2 points.  
This occurred because of the excessive cloud coverage and large changes in ambient air 
temperatures.   
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The coefficient of determination (R2) can be found in Equation  3.4.  R2 is 
calculated by dividing the sum of squared errors by the total sum of squares.  Generally, a 
higher R2 value translates to a reasonable model fit.  Section 5.2.11.3, “Modelling 
Uncertainty,” of the ASHRAE Guidelines 14 - 2002 states that “the following three 
indices to represent how well a mathematical model describes the variability in measured 
data. These indices shall be computed for the single mathematical model used to describe 
the baseline data from all operating conditions (i.e., both summer and winter shall be 
consolidated in one model for evaluating these indices) [52].”  The coefficient of 
variation of the root mean square error (CVRMSE) can be found in Equation  3.5.  
ASHRAE 14 - 2002 recommends that the CRRMSE for hourly data be 30%.  The 
normalized mean bias error (NMBE) can be found in Equation  3.6.  ASHRAE 14 - 2002 
recommends that the NMBE for hourly data be 10%.  The results of the statistical 
analysis for the thermal and electrical efficiencies from Data Set #1 are shown in 
Figure  3.17 can be found in Table  3.4.  Overall, the values indicate that the trendline were 




Figure  3.17. Data Set 1, Thermal & Electrical Efficiencies 
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Table  3.4. Statistical Results from the Data Set 1, Thermal & Electrical Efficiencies 
Efficiency ƞPV,Elec ƞPVT,Elec ƞPVT,Therm ƞPVT,Total 
R2 10% 10% 13% 15% 
CVRMSE 91% 88% 65% 62% 




𝑅𝑅 =  𝑆𝑆𝑆𝑆𝑇𝑇
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𝑁𝑁𝐶𝐶𝑁𝑁𝐶𝐶 =  ∑(𝑦𝑦𝑖𝑖 − 𝑦𝑦�𝑖𝑖)(𝑃𝑃 − 𝑝𝑝) ∙ 𝑦𝑦� ∙ 100 
Equation  3.6 
 
 
Since the efficiencies verse difference of inlet and ambient temperatures over the 
irradiance on the panel was a poor comparison, an alternative graphical evaluation was 
developed.  The most useful graph developed for evaluating PVT panel performance was 
electrical and thermal outputs versus irradiance on the panels, which can be found in 
Figure  3.18.  The electrical outputs for the PVT and PV panels are closely grouped together 
towards the bottom of the graph.  Even though the weather was mostly-cloudy during 
testing, the electrical output follows a fairly consistent trendline.  Since the data is slightly 
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curved, a second-order polynomial trendline was used to best represent the electrical data 
for both PVT and PV panels.  The electrical output for the PVT and PV panels at 1,000 
W/m2 irradiance level was 213.6 and 230.3 watts, respectively.  The maximum electrical 
output possible by the two BP 4175B panels for each system was 350 watts.  
The coefficient of determination (R2) can be found in Equation  3.4.  The 
coefficient of variation of the root mean square error (CVRMSE) can be found in 
Equation  3.5.  ASHRAE 14 - 2002 recommends that the CRRMSE for hourly data be 
30%.  The normalized mean bias error (NMBE) can be found in Equation  3.6.  ASHRAE 
14 - 2002 recommends that the NMBE for hourly data be 10%.  The results of the 
statistical analysis for the thermal and electrical outputs from Data Set #1 are shown in 
Figure  3.18 can be found in Table  3.5.  Overall, the values indicate that the trendlines 
were a good fit for the given data points.  The thermal output was the most varied when 
compared to the electrical output.  The variance in the thermal output caused the total 
power output for the PVT panels to be lower than the electrical output as well.  
The trendline for the PVT thermal output was represented by the linear dashed line.  
The combined (electrical and thermal) output for the PVT panels was represented by the 
linear solid line.  Unlike the electrical output, the thermal and combined outputs did not 
have a visible curve of the data, so linear trendlines were used.  At 1,000 W/m2 irradiance 
level the thermal and combined outputs for the PVT panels were 650.8 and 790.3 watts, 
respectively.  The combined output of the PVT system was approximately 243% increase 
from the electrical output only of the PV panels.  The trendline equations can be found 




Table  3.5. Statistical Results for the Data Set 1, Thermal & 
Electrical Outputs versus Irradiance on Panels 
Power PPV,Elec PPVT,Elec PPVT,Therm PPVT,Total 
R2 95% 94% 79% 84% 
CVRMSE 25% 27% 46% 35% 





Figure  3.18. Data Set 1, Thermal & Electrical Outputs versus Irradiance on Panels 
 
 
3.5.2. Data Set #2. The second data set included data from forty-five full days of 
testing and one day, which was the first day, only included one hour and forty-five minutes.  
The data for each day was gathered from approximately +/-3 hours solar noon.  A summary 
of daily weather averages and the total power output per system per day can be found in 
Table  3.6.  The overall ambient temperatures ranged from 37.9°C to 17.4°C with an 
average temperature of 28.9°C.  The overall ambient irradiance on the panels ranged from 
1,060.35 W/m2 to 23.5 W/m2 with an average irradiance level of 637.4 W/m2.  The overall 






















(only 1.75 hour) 741.53 30.99 2.10 28.19 854.89 
7/26/2014 714.01 34.19 3.03 75.42 1708.90 
7/27/2014 576.92 31.32 2.70 46.01 576.20 
7/28/2014 679.47 26.03 1.96 70.23 1064.29 
7/30/2014 200.67 23.50 0.72 4.92 235.25 
7/31/2014 692.66 28.34 1.38 68.90 1924.96 
8/1/2014 659.12 28.50 1.02 67.86 1891.76 
8/2/2014 863.13 29.84 1.31 95.81 2571.88 
8/3/2014 653.97 30.00 1.35 67.12 1833.05 
8/4/2014 597.23 29.31 1.65 50.77 1042.91 
8/5/2014 612.33 31.35 2.49 57.30 1171.53 
8/6/2014 763.58 33.21 1.32 77.76 1914.21 
8/7/2014 186.95 23.41 1.35 7.97 704.02 
8/8/2014 426.17 26.30 1.47 28.46 479.13 
8/9/2014 508.68 27.34 1.16 40.47 1139.01 
8/10/2014 430.33 28.66 0.87 31.93 1039.65 
8/11/2014 626.44 26.93 2.23 62.68 947.18 
8/12/2014 878.21 25.60 2.37 101.11 2039.36 
8/13/2014 787.42 26.45 1.40 85.69 2027.95 
8/14/2014 801.18 28.32 1.10 86.33 2253.14 
8/15/2014 670.14 29.45 1.55 63.78 1545.91 
8/16/2014 433.08 26.24 2.09 34.32 717.39 
8/17/2014 251.02 24.65 1.46 8.44 484.16 
8/18/2014 810.88 27.97 1.23 88.16 2393.05 
8/19/2014 653.21 29.54 1.51 63.62 1578.39 
8/20/2014 788.85 32.58 1.73 84.36 2123.02 
8/21/2014 795.27 33.21 2.30 86.37 1958.45 
8/22/2014 839.86 34.42 1.69 92.67 2501.82 
8/23/2014 797.53 34.76 1.67 86.80 2248.05 
8/24/2014 859.96 35.68 1.27 95.82 2641.74 
8/25/2014 859.33 35.59 1.33 95.69 2520.52 
8/26/2014 563.76 31.62 1.60 59.43 2087.96 
8/27/2014 707.08 31.21 1.64 78.48 2539.76 
8/28/2014 766.74 32.04 1.93 83.47 1879.56 
8/29/2014 690.97 31.21 2.21 73.92 1467.87 
8/30/2014 436.80 26.30 1.77 37.85 989.36 
8/31/2014 841.97 30.77 1.45 95.34 2650.83 
9/1/2014 373.78 24.24 2.11 25.90 907.89 
9/2/2014 280.53 23.76 2.24 11.81 368.04 
9/3/2014 191.07 23.96 1.70 4.41 362.64 
9/4/2014 856.75 32.64 1.89 98.02 2412.08 
9/5/2014 848.22 32.41 2.31 95.95 2361.11 
9/6/2014 184.86 18.04 1.18 3.71 712.11 
9/7/2014 909.83 24.29 1.24 105.42 3482.51 
9/8/2014 712.71 26.70 1.66 69.31 1850.70 




Overall, the total power outputs per day were fairly consistent for both 
photovoltaic and photovoltaic-thermal systems on sunny days.  The outputs on cloudy 
days were half or less than half of the outputs produced on sunny days.  The photovoltaic 
(PV) system daily power outputs ranged from 105.4 W·h to 3.71 W·h with an average of 
63.2 W·h per day (not including the first day of the data set).  The total power output 
recorded by the photovoltaic system during the 45 days plus the 1.75 hours from the first 
day of Data Set #2 was approximately 2,872 W·h.  The photovoltaic-thermal (PVT) 
system daily power outputs ranged from 3,482.5 W·h to 235.3 W·h with an average of 
1,625.3 W·h per day (not including the first day of the data set).  The total power output 
recorded by the photovoltaic-thermal system during the 45 days plus the 1.75 hours from 
the first day of Data Set #2 was approximately 73,994 W·h.  The total power outputs for 
each system does not include any power generated by the system outside of the +/- 3 
hours solar noon.  The total systems outputs were less than expected considering that 
Data Set #1 had fewer days and more clouds, but Data Set #1 occurred closer to the 
Summer Solace (June 21st).  The highest irradiance levels are experienced on or slightly 
before/after the solace, which would result in higher outputs even at shorter time 
intervals.  
The amperage, voltage and wattage versus irradiance on the panel graph for the 
Data Set #2 was very similar to Data Set #1.  However, the data points for the second set 
are clustered tighter than first set.  This occurred because the weather was more 
consistent with fewer cloud coverage.  Like Data Set #1 the voltage for both PV and PVT 
systems was recorded directly from the electrical wires via the data logger.  The shunt on 
each negative line allowed for the current/amperage to also be recorded.  The wattage or 
power output was determined by multiplying the voltage and amperage together for each 
system.  Figure  3.19 graphically shows the amperage, voltage and wattage for both PV 
and PVT systems relative to the irradiance level.   
Expect for the tighter grouping of data points were was essential no difference in 
the rate of electrical outputs for the PVT and PV panels during the two data sets.  At 
lower irradiance levels (around 600 W/m2 and below) there was very little difference in 
the electrical outputs between the stand-alone PV panels or the hybrid PVT panels.  
Above approximately 600 W/m2, there was a slight advantage given to the PV systems in 
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terms of amperage output.  Above approximately 600 W/m2, there was a slight advantage 
given to the PVT systems in terms of voltage output.  However, the PV system ultimately 
had a higher power output (wattage) at high irradiance levels. 
One major different between the two data sets was the trendline types that was 
generated for the voltage and wattage.  The amperage data was still best represented by a 
linear trendline.  The voltage and wattage output data was best represented by a power 
function instead of the second order polynomial equation.  At an irradiance level of 1,000 
W/m2, the PV and PVT systems output approximately 10.2 amps and 9.85 amps, 24.1 
volts and 26.6 volts, and 252.3 watts and 247.3 watts, respectively.  The trendline 









ASHRAE 93 “Methods of Testing to Determine the Thermal Performance of 
Solar Collectors” [47] recommends that the performance of a thermal collector, including 
PVT panels, compare the efficiency verses difference of inlet and ambient temperatures 
over the irradiance on the panel.  The electrical and thermal efficiencies for Data Set #2 
was completed in the same method as Data Set #1, which used Equation  3.1 for thermal 
efficiencies, Equation  3.2 for electrical efficiencies and Equation  3.3 as the x-axis within 
the efficiencies graph.  The graph for thermal and electrical efficiencies versus 
Equation  3.3 of Data Set #2 can be found in Figure  3.20.  The electrical efficiencies for 
both the PVT and PV panel systems are closely grouped together towards the bottom of 
the graph.  When the inlet and ambient air temperatures are equivalent (or x-axis is at 
zero) the electrical efficiencies for the PVT and PV panels were 5.40% and 5.57% 
respectively.  The thermal efficiency of the PVT panel was 11.6%, and the combined 
efficiency of the PVT panel was 17%.  The trendline equations for the electrical and 
thermal efficiencies for both panels can be found within Table  6.2.   
The coefficient of determination (R2) can be found in Equation  3.4.  R2 is 
calculated by dividing the sum of squared errors by the total sum of squares.  Generally, a 
higher R2 value translates to a reasonable model fit.  Section 5.2.11.3, “Modelling 
Uncertainty,” of the ASHRAE Guidelines 14 - 2002 states that “the following three 
indices to represent how well a mathematical model describes the variability in measured 
data. These indices shall be computed for the single mathematical model used to describe 
the baseline data from all operating conditions (i.e., both summer and winter shall be 
consolidated in one model for evaluating these indices) [52].”  The coefficient of 
variation of the root mean square error (CVRMSE) can be found in Equation  3.5.  
ASHRAE 14 - 2002 recommends that the CRRMSE for hourly data be 30%.  The 
normalized mean bias error (NMBE) can be found in Equation  3.6.  ASHRAE 14 - 2002 
recommends that the NMBE for hourly data be 10%.  The results of the statistical 
analysis for the thermal and electrical efficiencies from Data Set #2 are shown in 
Figure  3.20 can be found in Table  3.7.  Overall, the values indicate that the trendline were 
a very poor fit for the given data points.  
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Table  3.7. Statistical Results from the Data Set 2, Thermal & Electrical Efficiencies 
Efficiency ƞPV,Elec ƞPVT,Elec ƞPVT,Therm ƞPVT,Total 
R2 17% 18% 5% 19% 
CVRMSE 54% 55% 1229% 53% 





Figure  3.20. Data Set 2, Thermal & Electrical Efficiencies 
 
 
The PVT thermal efficiency for Data Set #2 (11.6%) was much lower than in 
Data Set #1, which was 20.9%.  The most likely reason for this difference was the 
decrease of the flow rate during the second set of data collection.  The flow rate was 
0.1026 kg/s during set one and 0.0867 kg/s during set two.  An increase in thermal 
efficiency due to increased flow rate was noted during the Previous Research section 
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(Section 2).  For an example of this comparison, refer to Table  2.2 in the Previous 
Research section, which summarizes the thermal efficiencies achievement during the 
testing of PVT A during the second experimental setup. This correlation would be true 
only during warmer summer months when the thermal gain would be higher and the PVT 
panels can work at a faster rate.  During colder months the flow rate would need to be 
decreased so that a reasonable thermal gain could be obtained.   
The electrical and thermal outputs versus irradiance on the panels graph for Data 
Set #2 can be found in Figure  3.21.  The overall graph is similar to the one created using 
Data Set #1, but the data points are cluster slightly closer together.  The electrical outputs 
for the PVT and PV panels are closely grouped together towards the bottom of the graph.  
The electrical data points were slightly curved, so a second-order polynomial trendline was 
used to best represent the electrical data for both PVT and PV panels.  The electrical output 
for the PVT and PV panels at 1,000 W/m2 irradiance level was 220.5 and 236.6 watts, 
respectively.  The maximum electrical output possible by the two BP 4175B panels for 
each system was 350 watts. 
The coefficient of determination (R2) can be found in Equation  3.4.  The 
coefficient of variation of the root mean square error (CVRMSE) can be found in 
Equation  3.5.  ASHRAE 14 - 2002 recommends that the CRRMSE for hourly data be 
30%.  The normalized mean bias error (NMBE) can be found in Equation  3.6.  ASHRAE 
14 - 2002 recommends that the NMBE for hourly data be 10%.  The results of the 
statistical analysis for the thermal and electrical outputs from Data Set #2 are shown in 
Figure  3.21 can be found in Table  3.8.  Overall, the values indicate that the trendlines 
were a good fit for the given data points.  The thermal output was the most varied when 
compared to the electrical output.  The variance in the thermal output was less during 
Data Set #2 than Data Set #1. 
The trendline for the PVT thermal output was represented by the linear dashed line.  
The combined (electrical and thermal) output for the PVT panels was represented by the 
linear solid line.  Unlike the electrical output, the thermal and combined outputs did not 
have a visible curve of the data, so linear trendlines were used.  At 1,000 W/m2 irradiance 
level the thermal and combined outputs for the PVT panels were 372.4 and 534.8 watts, 
respectively.  The combined output of the PVT system was approximately 126% increase 
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from the electrical output only of the PV panels.  As previous discussed, this reduction in 
output from the thermal panel was due to the decrease in the flow rate.  Data Set #1 used a 
higher flow rate than Data Set #2.  The trendline equations can be found within Table  6.2 
 
 
Table  3.8. Statistical Results for the Data Set 2, Thermal & 
Electrical Outputs versus Irradiance on Panels 
Power PPV,Elec PPVT,Elec PPVT,Therm PPVT,Total 
R2 99% 176% 86% 96% 
CVRMSE 9% 125% 40% 23% 








To obtain a general impression of the PVT and PV panel outputs over the course 
of a single day, one day was selected from Data Set #2 and was determined to be ‘ideal’.  
The ideal day was one that had very few cloud coverage, had a steady temperature 
throughout the day, and was representative of the equivalent day within the Typical 
Metrological Year (TMY2) weather file.  The TMY2 weather file was used within the 





Figure  3.22. PVT Temperatures for August 25, 2015 
 
 
One unique method used during the experimental portion of this research was the 
utilization of a thermal grid within the thermal section of the PVT panel.  The 
thermocouples allowed for a general idea to be created of what was occurring within the 
PVT panel itself.  Figure  3.22 shows the comparison between ambient temperature 
(purple line), the inlet/mid/outlet temperatures (black line), and thermocouples within the 
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panels on the pipes (green, red, and blue lines), on the absorber plate material (yellow 
lines) and on the back of the foam material (orange line).  A zoomed in section of the 
same graph can be found in Figure  3.23, which gives greater detail on the different pipe 
temperatures.   
It was noted that the thermocouple at location E (TCE on the graph) was 
consistently and uncommonly higher than the other pipe temperatures.  The two likely 
explanations for this were (1) there was an error within the thermocouple itself or its 
wiring, or (2) the thermal was not only in contact with the pipe but also the back of the 
PV panel.  Option two was the most likely explanation, because thermocouple E mimics 
the trends seen within the absorber plate thermocouples, which were also in contact with 
the back of the PV panel.   
Figure  3.23 shows the zoomed in view of the pipe temperatures, which are 
difficult to see within Figure  3.22.  The solid black lines show the inlet/mid/outlet 
temperatures.  The inlet was the temperature of the fluid entering the first panels, which 
contained the thermocouple grid.  The mid temperature served as the outlet temperature 
for the first PVT panel and the inlet temperature for the second panel.  There was a 
slightly greater temperature difference between the inlet and mid than between the mid 
and outlet temperatures.  The decrease in thermal gain as more PVT panels were 
connected in series was also seen during the Previous Research as part of Setup #2.  The 
thermal efficiency of each subsequent panel also slightly decreases.   
When comparing the pipe temperatures there was no noticeable pattern of the 
pipe/fluid behavior (i.e. pipe efficiency or dominate fluid flow path) within the thermal 
section within the PVT.  The outlet temperatures were consistently lower than the pipe 
temperatures, which suggested that the thermocouples were reading the temperature 
between the absorber plate and the pipe as oppose to the actual fluid temperature within 
the pipe.  The thermocouple on the back of the foam was the sensor that was least 
consistent over the course of the day.  The most likely cause for this behavior was that the 
wind speed ranged from 0.7 to 2.2 m/s (average 1.3 m/s) with the wind directions ranging 
from 165⁰ to 325⁰ with in average of 234⁰ (clockwise from North).  As a result the back 
of the back, which housed the uncovered thermocouple P, would have received gentle 
breezes throughout the day that caused the temperatures to fluctuate.  
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Figure  3.24 is a surface plot of the temperatures recorded at solar noon for the 
first PVT panels, which included inlet fluid temperature, mid (or outlet for that specific 
panel) fluid temperature, interior pipe temperature, and absorber plate temperatures.  The 
‘peaks’ represented the mid-point between the pipes on the absorber plate.  The ‘valleys’ 
represented where the pipes were located.  The ends of the valleys were created using the 
inlet/mid temperatures.  The relative location of the pipes, inlet and mid/outlet are 
indicted with black arrowed lines and labelled.  The surface plot gives in overall 
impression and comparison of the temperatures within the PVT panel on August 25, 2014 









Figure  3.24. Interior PVT Temperature Surface Plot 
 
 
One of the problems noticed during the Previous Research was the large 
temperature gradient across the top portion of the PVT panel that was recorded via a 
thermal imaging camera.  To help reduce the temperature gradient an additional vertical 
pipe was added, which reduced the distance the heat had to ‘travel’ via the absorber plate.  
Figure  3.25 shows the front of the PVT panels on August 25, 2014 at approximately 
11:30AM.  Figure  3.26 shows the front of the PV panels during the same time.  The 
temperature difference across the PVT panel was far less than that experienced with the 
previous PVT design.  Figure  3.25 shows an approximate 17⁰F (9.4⁰C) temperature 
difference; whereas the previous PVT panel design had a 24⁰F (13.3⁰C) temperature 
difference.  The testing conditions during the time of the picture was 905 W/m2 
irradiance, 33.9⁰C (93.0⁰F) air temperature, 0.87 m/s wind speed and 33.9⁰C (93.0⁰F) 
inlet fluid temperature.  See Figure  3.1 for a comparable thermal image of the PVT and 










Figure  3.26. Thermal Image of PV Panels on August 25, 2014 at 11:30AM 
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4. MATLAB MODELLING 
4.1. HOTTEL-WHILLIER METHOD 
The method used for the MATLAB analysis of the photovoltaic-thermal panels is 
typically referred to as the Hottel-Whillier [53] method, which was designed to evaluate 
thermal panels and is outlined in Chapter 6 of the “Solar Engineering of Thermal 
Processes” book by Duffie and Beckman [48].  The chapter also includes additional 
findings and input from other researches that included: Bliss [54] on plate efficiency 
factors, Klein [55] on loss coefficients, Tabor [56] on heat transfer coefficients, and 
others.  Two important principles of the Hottel-Whillier method were the understanding 
of material resistances and the distribution of temperatures throughout the thermal panel.  
The ideal path of heat through a liquid-based, flat-plate thermal panel is (1) glazing or 
glass cover(s), (2) air gap, (3) absorber plate, (4) plate-tube bond, (5) tube wall, and (6) 
fluid.  Each material will have a slightly different resistance to the transfer of heat, which 
will result in a temperature gradient through the various materials and the panel as a 
whole.   
For simplification during modelling, sixteen assumptions were “made to lay the 
foundations without obscuring the basic physical situation” [48].  The assumptions 
included: (1) performance is steady state, (2) construction is of sheet and parallel tube 
type, (3) headers cover a small area of collector and can be neglected, (4) headers provide 
uniform flow to tubes, (5) no absorption of solar energy by a cover insofar as it affects 
losses from the collector, (6) heat flow through a cover is one dimensional, (7) negligible 
temperature drop through cover, (8) covers are opaque to infrared radiation, (9) one 
dimensional heat flow through back insulation, (10) sky is considered as a blackbody for 
long-wavelength radiation at an equivalent sky temperature, (11) temperature gradients 
around tubes can be neglected, (12) temperature gradients in the direction of flow and 
between the tubes can be treated independently, (13) properties are independent of 
temperature, (14) loss through front and back are to the same ambient temperature, (15) 
dust and dirt on the collector are negligible, and (16) shading of the collector absorber 
plate is negligible.  
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4.2. PVT ADAPTATION 
4.2.1. Florschuetz.  Although the original Hottel-Whillier method was designed 
only for thermal panels, subsequent researchers have adapted the equations to accept a 
photovoltaic panel on top of the thermal panel thus creating a PVT panel.  One of the first 
researchers to modify the original equations was L.W. Florschuetz in the 1,970s [57].  In 
his 1,978 paper “Extension of the Hottel-Whillier Model to the Analysis of Combined 
Photovoltaic/Thermal Flat Plate Collectors,” Florschuetz stated that “unlike the thermal 
losses, which approach zero as the absorber temperature approaches ambient, the 
electrical output remains finite under the same condition.  That is not only why the 
thermal loss coefficient, UL, gets modified, but also the absorbed energy, S [57]” from 
the original thermal panel equations.  The parameters were taken into account were the 
PV reference efficiency and the efficiency decrease due to increased temperature.   
The configuration of the panel used assumed that the PV cells were directly 
placed onto the absorber plate.  Since the cells were in direct contact with the absorber 
plate, the temperature would mostly likely remain above the standard operating 
temperature, which was recommended by the PV cell manufacture and would decrease 
the electrical output.  One major point made by Florschuetz was that a typical 
absorptivity value for a thermal panel was approximately 0.95.  The absorptivity value of 
the PVT with the cell on top of the absorber plate was approximately 0.8.  As a result, the 
combination of the photovoltaic and thermal panels together would slightly reduce both 
system outputs.  However the combined output was higher than either stand-alone 
photovoltaic or thermal panel.   
4.2.2. Zondag.  In 2002 Zondag et al. published a paper that evaluated and 
compared various PVT models/modifications which included steady state 3D, 2D and 1D 
models and a dynamical 3D model [58].  For the steady-state 1D model the authors used 
the Florschuetz modification to the Hottel-Whillier theory.  Zondag made only minor 
modifications to the equations, which mainly included changing variable notations to be 
more representative of nomenclature used within the Duffie and Beckman book [48].  
Two major conclusions were made about the one-dimensional model: (1) the model 
performed “satisfactorily” and the simulation took substantially less time and (2) the 
model is less flexible and difficult to customize to unique configurations.  
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4.2.3. Equations.  The following equations were used within the MATLAB 
model to simulate the experimental photovoltaic-thermal panel.  To help verify and 
calibrate the PVT properties the experimental data collected was used to start the iterative 
process.  First the electrical (Equation  4.1) and thermal (Equation  4.2) efficiencies was 
calculated.  Next the electrical efficiency and reference PV efficiency was used in 
Equation  4.3 to determine the cell temperature.  Since the PVT panel modelled during 
this research utilized a manufactured PV panel, which was completely opaque to the back 
of the panel, an effectively transmission-absorption (τα,eff) factor had to be calculated 
(Equation  4.4).  The τα,eff was calculated by subtracting the electrical efficiency times the 
transmissivity of the glass from the original transmission-absorption factor.  To help 
simplify the process, one thermal resistance was calculated that included all materials 
from the PV cells to the absorber plate material (Equation  4.5).  The temperature of the 
glass and PV cells was assumed to be equivalent.   
 
 
𝑃𝑃𝑝𝑝𝑝𝑝  ≡  𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀 ∙ 𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀𝐺𝐺 ∙ 𝐴𝐴𝑀𝑀𝑃𝑃  
Equation  4.1 
 
 
𝑃𝑃𝑝𝑝ℎ  ≡  ?̇?𝑚 ∙ 𝐶𝐶𝑝𝑝(𝑇𝑇𝑜𝑜𝑜𝑜𝑝𝑝 − 𝑇𝑇𝑖𝑖𝑖𝑖)𝐺𝐺 ∙ 𝐴𝐴𝑀𝑀𝑃𝑃  
Equation  4.2 
 
 
𝑃𝑃𝑝𝑝𝑝𝑝 =  𝑃𝑃0(1 − 0.0045 ∙ [𝑇𝑇𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝 − 25℃]) 
Equation  4.3 
 
 
𝜏𝜏𝛼𝛼,𝑝𝑝𝑓𝑓𝑓𝑓 =  (𝜏𝜏𝛼𝛼 − 𝜏𝜏 ∙ 𝑃𝑃𝑝𝑝𝑝𝑝) 
Equation  4.4 
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ℎ𝑐𝑐𝑝𝑝 =  𝐶𝐶𝑝𝑝 ∙ ?̇?𝑚 (𝑇𝑇𝑜𝑜𝑜𝑜𝑝𝑝 − 𝑇𝑇𝑖𝑖𝑖𝑖)𝐴𝐴𝑀𝑀𝑃𝑃(𝑇𝑇𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑇𝑇𝑝𝑝𝑎𝑎𝑎𝑎)  
Equation  4.5 
 
 
Since the foam was not a uniform thickness throughout, an equivalent thickness 
was calculated (Equation  4.6) based on the actual volume of the foam back divided by the 
area of the back.  The back loss coefficient (Equation  4.7) was determined by dividing 
the foam thermal conductivity by the equivalent foam thickness.  Equation  4.8 was used 
to determine the edge loss coefficient.  All three equations remained consistent and did 
not vary based on change weather data or system inputs.   
 
 
𝐹𝐹𝑓𝑓,𝑝𝑝𝑒𝑒 = 𝑉𝑉𝑓𝑓,𝑝𝑝𝑐𝑐𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝𝐴𝐴𝑎𝑎  
Equation  4.6 
 
 
𝑈𝑈𝑎𝑎 = 𝑘𝑘𝑓𝑓𝐹𝐹𝑓𝑓,𝑝𝑝𝑒𝑒 









Equation  4.8 
 
 
Equation  4.9 took into account the convective-related effects due to wind speed 
on the top glass.  Equation  4.10, Equation  4.11, and Equation  4.12 are all equations used 
to calculate the top loss coefficient.  The top loss coefficient (Equation  4.13) was the 
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most complex equation in the entire process, because it is assumed that the greatest 
percentage of environmental losses will occur through the top of the PVT panel.  The 
overall loss coefficient (Equation  4.14) combined the back, edge and top losses into one 
parameter.  
 
ℎ𝑤𝑤 = 2.8 + 3.0 ∙ 𝑉𝑉𝑤𝑤 
Equation  4.9 
 
 
𝑜𝑜 = (1 + 0.089ℎ𝑤𝑤 − 0.1166ℎ𝑤𝑤𝜖𝜖𝑝𝑝𝑝𝑝𝑒𝑒)(1 + 0.07866 ∙ 𝑁𝑁) 
Equation  4.10 
 
 
𝐶𝐶 = 520(1 + 0.000051𝛽𝛽2)   𝑜𝑜𝐹𝐹𝐹𝐹 0° <  𝛽𝛽 < 70° 
Equation  4.11 
 
 
𝐶𝐶 = 0.430 �1 − 100
𝑇𝑇𝑝𝑝𝑒𝑒
� 
Equation  4.12 
 
 









 �𝑇𝑇�𝑝𝑝𝑝𝑝𝑒𝑒 − 𝑇𝑇𝑝𝑝𝑁𝑁 + 𝑜𝑜 �𝑝𝑝 + 1ℎ𝑤𝑤⎦⎥⎥⎥
⎤
−1  
+ � 𝜎𝜎 (𝑇𝑇�𝑝𝑝𝑝𝑝𝑒𝑒2  +  𝑇𝑇𝑝𝑝2) (𝑇𝑇�𝑝𝑝𝑝𝑝𝑒𝑒  + 𝑇𝑇𝑝𝑝 )(𝜖𝜖𝑝𝑝𝑝𝑝𝑒𝑒 +  0.00591 ∙ 𝑁𝑁 ∙ ℎ𝑤𝑤)−1  +  2𝑁𝑁 + 𝑜𝑜 − 1 + 0.0133𝜖𝜖𝑝𝑝𝑝𝑝𝑒𝑒𝜖𝜖𝑝𝑝𝑜𝑜𝑝𝑝,𝑔𝑔𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎 − 𝑁𝑁� 
Equation  4.13 
 
 
𝑈𝑈𝐿𝐿 = 𝑈𝑈𝑝𝑝 + 𝑈𝑈𝑎𝑎 + 𝑈𝑈𝑝𝑝 
Equation  4.14 
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Equation  4.15 factored in the top loss coefficient with the heat transfer through 
the PV laminated layers and the absorber plate.  Equation  4.16, Equation  4.17, 
Equation  4.18 and Equation  4.19 were used to calculate the fin efficiency, thermal 
collector efficiency and the heat removal factor.   
 
 
𝑚𝑚 = �𝑈𝑈𝐿𝐿 (𝑘𝑘𝑝𝑝𝑎𝑎𝑎𝑎𝛿𝛿𝑝𝑝𝑎𝑎𝑎𝑎 + 𝑘𝑘𝑝𝑝𝑝𝑝𝑒𝑒𝛿𝛿𝑝𝑝𝑝𝑝𝑒𝑒)� �1 2⁄  
Equation  4.15 
 
 
𝐹𝐹 = tanh[𝑚𝑚(𝑊𝑊 −𝐷𝐷)/2]
𝑚𝑚(𝑊𝑊−𝐷𝐷)/2  




𝐹𝐹𝑝𝑝 = �1 − 𝐷𝐷 𝑊𝑊� � ∙ 𝐹𝐹 + 𝐷𝐷𝑊𝑊 




𝐹𝐹′ = �1 𝐹𝐹𝑝𝑝� + 𝑈𝑈𝐿𝐿 ℎ𝑐𝑐𝑝𝑝� + (𝑈𝑈𝐿𝐿 ∙ 𝑊𝑊) (𝜋𝜋 ∙ 𝐷𝐷 ∙ ℎ𝑝𝑝𝑜𝑜𝑎𝑎𝑝𝑝)� �−1 




𝐹𝐹𝑅𝑅 = ?̇?𝑚 ∙ 𝐶𝐶𝑝𝑝𝐴𝐴𝑀𝑀𝑃𝑃 ∙ 𝑈𝑈𝐿𝐿 �1 − 𝐶𝐶𝑒𝑒𝑝𝑝 �−𝐴𝐴𝑀𝑀𝑃𝑃 ∙ 𝑈𝑈𝐿𝐿 ∙ 𝐹𝐹′?̇?𝑚 ∙ 𝐶𝐶𝑝𝑝 �� 
Equation  4.19 
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The final two steps of the process was to calculate the thermal power 
(Equation  4.20) and the mean plate temperature (Equation  4.21), which was assumed to 
be the same as the PV cell temperature calculated in Equation  4.3.  
 
 
𝑄𝑄𝑈𝑈 = 𝑃𝑃 = 𝐴𝐴𝑀𝑀𝑃𝑃𝐹𝐹𝑅𝑅�(𝜏𝜏𝛼𝛼 − 𝜏𝜏 ∙ 𝑃𝑃𝑝𝑝𝑝𝑝)𝐺𝐺 − 𝑈𝑈𝐿𝐿(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑝𝑝)� 
Equation  4.20 
 
 
𝑇𝑇𝑝𝑝𝑒𝑒 = 𝑇𝑇𝑖𝑖𝑖𝑖 + ∆𝑇𝑇𝑐𝑐2 + ∆𝑇𝑇𝑐𝑐𝑝𝑝 = 𝑇𝑇𝑖𝑖𝑖𝑖 + 𝑃𝑃2 ∙ ?̇?𝑚 ∙ 𝐶𝐶𝑝𝑝 + 𝑃𝑃𝐴𝐴𝑀𝑀𝑃𝑃 ∙ ℎ𝑐𝑐𝑝𝑝 
Equation  4.21 
 
 
4.2.4. MATLAB Model Development.  To development the MATLAB model 
the previous section equations (Equation  4.1 - Equation  4.21) were entered in the same 
order as listed above.  The whole process would run through multiple intervals until the 
mean plate temperature in Equation  4.21 converged with the cell temperature in 
Equation  4.3.  Figure  4.1 shows the graphical representation of the iterative process of the 

















Based on the assumptions made by Hottel and Whillier, the equations are 
designed for a quasi-steady, one-dimensional model.  This means that during a single 
time interval all of the energy put into the panels were converted into electrical power, 
converted into thermal gain, or radiated into the environment via losses.  As a result, each 
time interval was independent from the next and thermal massing is deemed minimal.  
Figure  4.2 shows a black-box schematic of the assumed inputs, losses and outputs within 
the model.  Another major assumption that was made to complete the iterative process 
was assuming that the mean plate temperature and PV cell temperature was equivalent.  
The assumption created a circular reference that allowed the two terms to converge, and a 




Figure  4.2. MATLAB Model Black-Box Schematic 
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4.3. EXPERIMENTAL AND MODEL COMPARISON 
As with the experimental data, the two data sets were evaluated separately during 
the MATLAB modelling, because of the extremely different weather conditions present 
during the two different testing periods and difference in flowrates.  The MATLAB 
model was only designed to simulate the thermal power output, since the thermal portion 
of the PVT is the most complex and less is known about the panel’s internal properties.   
Figure  4.3 shows both the actual and simulated thermal power outputs versus 
irradiance on the panel for Data Set #1.  As previously mentioned, the thermal outputs for 
Data Set #1 are sporadic and fairly spread-out, which continued for the MATLAB 
simulation outputs.  The simulation consistently underestimated the thermal output with 
approximately a 50% error.  The actual and simulated thermal outputs ranged from 268.1 
and 130.0 watts at 500 W/m2 irradiance (51.5% error) to 650.9 and 334.1 watts at 1,000 
W/m2 irradiance (48.7% error).   
The coefficient of determination (R2) can be found in Equation  3.4.  R2 is 
calculated by dividing the sum of squared errors by the total sum of squares.  Generally, a 
higher R2 value translates to a reasonable model fit.  Section 5.2.11.3, “Modelling 
Uncertainty,” of the ASHRAE Guidelines 14 - 2002 states that “the following three 
indices to represent how well a mathematical model describes the variability in measured 
data. These indices shall be computed for the single mathematical model used to describe 
the baseline data from all operating conditions (i.e., both summer and winter shall be 
consolidated in one model for evaluating these indices) [52].”  The coefficient of 
variation of the root mean square error (CVRMSE) can be found in Equation  3.5.  
ASHRAE 14 - 2002 recommends that the CRRMSE for hourly data be 30%.  The 
normalized mean bias error (NMBE) can be found in Equation  3.6.  ASHRAE 14 - 2002 
recommends that the NMBE for hourly data be 10%.  The results of the statistical 
analysis for the MATLAB simulated and actual thermal outputs during Data Set #1 are 
shown in Figure  4.3 can be found in Table  4.1.  Overall, the values indicate that the 
trendlines were a very poor fit for the given data points.  A statistical analysis of a 
second-order polynomial and linear trendlines were both compared for the MATLAB 
simulated values.  Both produced the same R2, CRMSE and NMBE values.  
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Table  4.1. Statistical Results from the Data Set #1, 
Simulated and Actual Thermal Outputs versus Irradiance 
Power PActual PMATLAB 
R2 20% 79% 
CVRMSE 198% 46% 




Figure  4.3. Data Set #1, Simulated and Actual Thermal Outputs versus Irradiance 
 
 
PVT panel’s ability to transfer heat through the collector, fin and tube were 
determined based on Equation  4.16 for F, Equation  4.17 for Ft, Equation  4.18 for F’, and 
Equation  4.19 for FR.  Each equation built off of the previous equation’s efficiency, so 
that every layer and/or component of the PVT panel was taken into account in the overall 
heat removal factor for the panel.  Another important panel property was the thermal 
resistance between the PV cells and the absorber (Hca), which was also usually within the 
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TRNSYS models.  Hca was calculated using Equation  4.5.  Figure  4.4 shows the data 
points and Table  4.2 lists the trendline equations for F, Ft, F’, FR and Hca.  The values for 
F, Ft, F’, FR and Hca during the first data set at 1000 W/m2 irradiance level were 0.967, 




Table  4.2. PVT Panel Properties during Data Set #1 Trendlines 
Hca y = 0.000003979761*x^2 + 0.000638115653*x - 0.265675712484 
F y = 0.000017837096*x + 0.949234293726 
Ft y = 0.000016244498*x + 0.953766946072 
F' y = 0.000000050238*x^2 + 0.000230460014*x - 0.041388686111 




The results of the statistical analysis for the PVT panel properties during Data Set 
#1 can be found in Table  4.3.  The coefficient of determination (R2) can be found in 
Equation  3.4.  R2 is calculated by dividing the sum of squared errors by the total sum of 
squares.  Generally, a higher R2 value translates to a reasonable model fit.  The 
coefficient of variation of the root mean square error (CVRMSE) can be found in 
Equation  3.5.  ASHRAE 14 - 2002 recommends that the CRRMSE for hourly data be 
30%.  The normalized mean bias error (NMBE) can be found in Equation  3.6.  ASHRAE 
14 - 2002 recommends that the NMBE for hourly data be 10%.  The Hca, F’ and Fr 
values were all compared to second-order polynomial trendlines, which produced a poor 
fit for the given data points.  The F and Ft values were compared with linear trendlines.  
The statistical analysis produced only middle-ranged R2 values, but fairly low values for 




Table  4.3. Statistical Results from the PVT Panel Properties during Data Set #1 
Factors Hca F Ft F' Fr 
R2 57% 58% 58% 39% 39% 
CVRMSE 95% 0.45% 0.41% 122% 123% 




Figure  4.4. PVT Panel Properties during Data Set #1 
 
 
The actual thermal outputs for Data Set #2 were far more representative of each 
other than in Data Set #1.  Figure  4.5 shows both the actual and simulated thermal power 
outputs versus irradiance on the panel for Data Set #2.  Table  4.4 shows the statistical 
analysis values for the actual and simulated outputs.  The coefficient of determination 
(R2) can be found in Equation  3.4.  The coefficient of variation of the root mean square 
error (CVRMSE) can be found in Equation  3.5.  ASHRAE 14 - 2002 recommends that 
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the CRRMSE for hourly data be 30%.  The normalized mean bias error (NMBE) can be 
found in Equation  3.6.  ASHRAE 14 - 2002 recommends that the NMBE for hourly data 
be 10%. The actual data points are slightly less sporadic than in the previous data set, and 




Figure  4.5. Data Set #2, Simulated and Actual Thermal Outputs versus Irradiance 
 
 
However a pronounced curved line formed for the MATLAB simulated thermal 
output values.  The simulated thermal output values were represented with a third-order 
polynomial trendlines.  Overall, the values indicate that the trendline were a semi-good fit 
for the given data points.  The R2 for the actual data points was considerably higher in the 
second data (84%) set than the first data (20%) set.  The R2 for the simulated data points 
were mostly unchanged between Data Set #1 (79%) and Data Set #2 (73%).  The actual 
and simulated thermal outputs ranged from 99.0 and 17.1 watts at 500 W/m2 irradiance 
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(82.7% error) to 372.4 and 590.6 watts at 1,000 W/m2 irradiance (58.6% error).  The 
trendline equations can be found within Table  6.4.  
 
 
Table  4.4. Statistical Results from the Data Set #2, 
Simulated and Actual Thermal Outputs versus Irradiance 
Power PActual PMATLAB 
R2 84% 73% 
CVRMSE 43% 53% 
NMBE 0.0% 0.0% 
 
 
Table  4.5 shows the data points and trendlines for F, Ft, F’, FR and Hca, which 
were calculated using Equation  4.16 for F, Equation  4.17 for Ft, Equation  4.18 for F’, 
Equation  4.19 for FR and Equation  4.5 for Hca.  The values for F, Ft, F’, FR and Hca during 




Table  4.5. PVT Panel Properties during Data Set #2 Trendlines 
Hca y = 0.000000017341*x^3 -0.000017925*x^2 + 0.006742868539*x - 0.822314472206 
F y = 0.000011935566*x + 0.960677166042 
Ft y = 0.000010869891*x + 0.96418813336 
F' y = 0.000000000721*x^3 -0.00000050339*x^2 + 0.000214236274*x - 0.041489174879 
Fr y = 0.000000000701*x^3 - 0.000000481501*x^2 + 0.000207293088*x - 0.040973243665 
 
 
The results of the statistical analysis for the PVT panel properties during Data Set 
#2 can be found in Table  4.6.  The coefficient of determination (R2) can be found in 
Equation  3.4.  R2 is calculated by dividing the sum of squared errors by the total sum of 
squares.  Generally, a higher R2 value translates to a reasonable model fit.  The 
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coefficient of variation of the root mean square error (CVRMSE) can be found in 
Equation  3.5.  ASHRAE 14 - 2002 recommends that the CRRMSE for hourly data be 
30%.  The normalized mean bias error (NMBE) can be found in Equation  3.6.  ASHRAE 
14 - 2002 recommends that the NMBE for hourly data be 10%.  The Hca, F’ and Fr 
values were all compared to second-order polynomial trendlines.  The F and Ft values 
were compared with linear trendlines.  Overall, the values indicate that the trendlines 
were a fairly good fit for the given data points.   
 
 
Table  4.6. Statistical Results from the PVT Panel Properties during Data Set #2 
Factors Hca F Ft F' Fr 
R2 85% 85% 85% 84% 83% 
CVRMSE 41% 0.15% 0.13% 41% 41% 




Figure  4.6. PVT Panel Properties during Data Set #2 
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One of the main purposes of creating and using the MATLAB model was to 
calibrate panel properties.  The transmission-absorption (τα) factor is typically difficult to 
determine without special lab equipment.  In a 2002 paper by Zondag el at. [58], which 
was referred to in section  4.2.2, an approximate value for the transmission-absorption 
factor was given (0.74).  The value was given for a “conventional PV-laminate, 
containing multi-crystalline silicon cells” and was complete opaque through the back of 
the panel.  The same type of PV panel was used for the construction of the PVT panel, so 
the 0.74 value was used as a starting point for the calibration process.  Four values for the 
transmission-absorption factor (0.65, 0.70, 0.74 and 0.80) were used and the simulated 




Figure  4.7. Simulated Thermal Outputs Using Different Tau-Alpha Values 
 
 
Figure  4.7 shows the data points and trendlines for each transmission-absorption 
factor.  Many of the actual thermal output data points were uncommonly high at lower 
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irradiance levels.  The initial cause of the added thermal output was estimated to be 
effects due thermal massing within the PVT panel.  The cause was later confirmed within 
Figure  4.10, which is presented later in this section.  Linear trendlines were used to obtain 
a general value for transmission-absorption factor, which was not possible using both 
linear and polynomial trendlines.  The black dashed line corresponded to the actual data 
trendline, which was nearly top of the 0.70 value (blue solid line).   
Figure  4.8 shows the final graph for the Data Set #2 using transmission-
absorption factor as 0.70.  The actual and simulated thermal outputs ranged from 99.0 
and 99.9 watts at 500 W/m2 irradiance (0.9% error) to 372.3 and 341.6 watts at 1,000 
W/m2 irradiance (0.2% error).  Although the changing of the transmission-absorption 
factor greatly reduced the percent errors for Data Set #2, Data Set #1 did not see the same 
improvements.  The actual and simulated thermal outputs ranged from 226.5 and 101.8 
watts at 500 W/m2 irradiance (55.1% error) to 549.9 and 291.7 watts at 1,000 W/m2 
irradiance (47.0% error).  The trendlines and trendline equations can be found within 




Figure  4.8. Data Set #2, Simulated and Actual Thermal Outputs using τα= 0.70 
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Figure  4.9. Data Set #1, Simulated and Actual Thermal Outputs using τα= 0.70 
 
 
As part of the basic thermal model created by Hottel and Whillier, sixteen 
assumptions were made about the panel/property behavior, testing conditions and system 
losses.  During the MATLAB modelling portion of this research several 
properties/factors were graphed to visually see the difference between the actual and 
simulated values.  One such property was the effective transmission-absorption (τα,eff) 
factor, which can be seen in Figure  4.10.  The graph shows the simulated τα,eff ranging 
from 0.700 to 0.613.  This range was deemed reasonable because the value can never be 
greater than the original PV transmission-absorption, which was 0.70.  The lower range 
limit was determined by Equation  4.4, which calculated by subtracting the electrical 
efficiency times the transmissivity of the glass from the original transmission-absorption 
factor.  The actual τα,eff ranged from 0.255 to over 40, which was not deemed reasonable 
or possible.  After reevaluating the data and reviewing the previous assumptions, a 
cause(s) was determined. 
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Figure  4.10. Data Set #2, Simulated and Actual Effective Transmission-
Absorption Factor Calculations versus Irradiance on Panels 
 
 
The major error, which ultimately caused the unreasonable τα,eff factors, was the 
original assumption of a quasi-steady model.  As the irradiance levels increased during 
the day, the incoming energy to the PVT panel was not solely converted into 
thermal/electrical power or radiated into the environment via losses.  Some of the energy 
was stored within the PVT panel as thermal massing.  At higher irradiance 
(approximately 700 to 1,000 W/m2) levels the thermal massing effect was minimized by 
the abundance of potential energy (i.e. heat within the panel).  At extremely high 
irradiance (over 1,000 W/m2) levels the PVT panel could not produce energy (electrical 
and thermal) fasting enough, so the remaining energy was stored within the panel itself 
(i.e. thermal mass).  As the irradiance levels went below 700 W/m2 the thermal mass 
stored within the panel would continue to heat the fluid.  Only after the solar irradiance 
was reduced for a long period of time and/or the sun set for the day, did the PVT panel 
have time to cool. 
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As a result, this research determined that there is a noticeable error within current 
methodology that does not allow or take into account the thermal massing effects of the 
PVT.  Overall, the effect does not appear to greatly affect the thermal and electrical 
output, but may also be the cause of the sporadic nature of the thermal output data within 
the graphs.  Ultimately more research is needed to determine the overall repercussions of 
and how to adjust the existing simple model to factor in the thermal massing.   
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5. TRNSYS MODELLING 
5.1. TRNSYS Background 
TRNSYS stands for “Transient System Simulation Program,” which is a modular-
structured simulation program [59].  The library within the program contains a wide-
range of components that can be combined to create specific system configurations.  
TRNSYS enables the user to customize each component (or Type), which allows for 
incredible flexibility when simulating unique configurations.   
The following models were creating using TRNSYS 17.1, which was released in 
June, 2012 [59].  For each of the TRNSYS modelling components, there were two types 
of analysis completed: (1) using weather data collected during testing (2) year-round 
weather data from a Typical Meteorological Year version 2 (TMY2) weather file.  The 
first analysis allowed for a direct comparison to be made between the components and the 
experimental PVT panels.  The second analysis enabled a general impress to be made 
about the long-term expected outputs.   
The following sections and subsections outline the five TRNSYS types, provide 
background information, explain the parameters/inputs, and detail the results of each 
component.  The source code for each TRNSYS PVT Types can be found in Appendix 
G.  The analysis between the modelling outputs and the experimental data can be found 
in section “6. Overall Comparison and Results.” 
5.1.1. Type 99 Weather File.  The Type 99 weather file allowed for user-defined 
weather data to be used within the model in place of a more standard weather file type.  
There are five models for calculating radiation on a tilted surface that can be used with 
the Type 99.  They include: (1) isotropic sky model, (2) Hay and Davies model, (3) 
Reindl model, (4) Perez 1,988 model, and (5) Perez 1,999 model.  The Perez 1,999 model 
is the default model and is recommended as the ‘best.’  However, models 1, 2, 4 and 5 all 
require at least two different irradiance measurements to make the other calculations.  
Model 3 or the Reindl model required one irradiance measurement and the relative 
humidity.  The Type 99 will allow up to four user-defined input parameters, which can be 
used within the overall TRNSYS model.  The information that was provided within the 
weather data file included: global radiation of the horizontal, ambient temperature, 
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relative humidity of the ambient air, wind speed, wind direction, and fluid inlet 
temperature (user-defined parameter and not used to calculate irradiance on the tilted 
panel).   
The weather data collection was described in detailed within part  3.4.2.  The 
weather station recorded all of the input parameters every one second and then was 
averaged over five minutes.  Data used within the modelling was collected from July 25, 
2014 to September 13, 2014.  The Type 99 component was connected to the panel 
components in a very similar manner, but more details are provided within the following 
sections and subsections.  
5.1.2. Type 15-2 Weather File.  The Type 15-2 TRNSYS component allowed for 
a Typical Meteorological Year version 2 (TMY2) weather file be used within the models.  
TMY2 file were developed by the National Renewable Energy Laboratory (NREL), and 
contain hourly, meteorological data for a specific location for a one-year period.  The 
information, section quotes and more detail about TMY2 files can be found in the 
“User’s Manual for TMYs” on the NREL website [60].   
The data used were collected from 1,961-1,990 by National Weather Service 
stations.  “More than 90% of the solar radiation data […] are modeled,” and did not come 
from actual pyranometer readings.  The thirty years of data was examined per month, 
“and the one judged most typical [was] selected to be included in the” weather file.  The 
monthly data was compared and chosen based on five essential parameters used during 
solar energy systems, which included: global horizontal radiation, direct normal 
radiation, dry bulb temperature, dew point temperature, and wind speed.  The TMY2 file 
used during the modelling was taken from the Rolla National Area, which was 
approximately 11.6 miles away from the testing site.  Both sites were relatively rural and 
had few surrounding buildings.  The Type 15-2 component was connected to the panel 
components in a very similar manner, but more details are provided within the following 
sections and subsections. 
5.2. TYPE 50D 
The Type 50d TRNSYS model is a glazed, liquid-filled, flat plate PVT panel.  
The component was built off of the Type 73 flat-plate thermal collector with an 
additional PV panel attached on top, and is an original component within the TRNSYS 
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library.  Like the Type 73, the Type 50d component was model from the Hottel-Whillier 
[53] theory with adaptations made by Florschuetz [57] to add a photovoltaic to the 
thermal panel.  An analysis created by Arizona State University [61] was also used to 
solve the max power point curves.  More information about the Type 50d component can 
be found in the TRNSYS manual within the Volume 3: Standard Component Library 
Overview, Volume 4: Input-Output-Parameter Reference, and Volume 5: Mathematical 
Reference. 
5.2.1. Parameters.  Within the Type 50d component there were three major tabs 
of information: Parameters, Inputs and Outputs.  The list of parameters and the values 
used for Type 50d can be found in Table  5.1.  The “mode” setting at 4 denoted at the 
PVT configuration was a glazed, liquid-filled, flat-plate collector.  The “collector area” 
encompassed the entire area as well as the frame, and was set to include both PVT panels.  
The “fluid Thermal capacitance” was the specific heat of the fluid in the collector, which 
was water only.  The “collector plate absorptance” was the solar energy spectrum 
absorptance of the collector's absorber plate.  The “number of glass covers” referred to all 
of the glass layers encapsulating the top of the PVT panel. For this research the glass 
cover was part of the PV laminated assembly and was set to one.  The “collector plate 
emittance” was the overall reflectance of the collector surface at normal incidence.  The 
“loss coefficient for bottom and edge losses” was the summation of the thermal losses 
from the back and side of the PVT panel.  The “collector slope” was measured up from 
the horizon-line.  The “extinction coefficient thickness product” is also known as the KL 
product. The extinction coefficient was the measure of how much solar spectrum 
radiation was absorbed as it passed through the glass covering, which was then multiplied 
by the thickness of the glass.  The “temperature coefficient of PV cell efficiency” was a 
value given by the PV specification sheet, and denotes the reduction of efficiency per 
degree Kelvin.  The “temperature for cell reference efficiency” was also given by the PV 
specification sheet, and was temperature at which the PV cell efficiency was given.  The 





Table  5.1. Parameter Values for TRNSY Model Type 50d 
Parameters 
Mode 4 - 
Collector Area 2.4 m2 
Collector Efficiency Factor 0.23489 - 
Fluid Thermal Capacitance 4.179 kJ/kg.K 
Collector plate absorptance 0.92 - 
Number of glass covers 1 - 
Collector plate emittance 0.9 - 
Loss coefficient for bottom and edge losses 4.18633 kJ/hr.m2.K 
Collector slope 38 degrees 
Extinction coefficient thickness product 0.59 - 
Temperature coefficient of PV cell efficiency -0.0045 1/K 
Temperature for cell reference efficiency 25 °C 
Packing factor 0.459 - 
 
 
The list of inputs and the values used for Type 50d can be found in Table  5.2. The 
asterisk denotes that the value comes from the weather data file(s).  The “inlet fluid 
temperature” was the fluid temperature as in first entered the thermal section of the PVT 
panel.  For the Type 99 (or User-Defined Weather Data) the inlet temperature was set to 
the actual recorded inlet temperature of the experimental panels.  For the Type 15-2 (or 
TMY2 Weather Data) the inlet temperature was set to the water main temperature.  The 
“fluid mass flow rate” was the mass flow rate of the fluid as it entered the thermal section 
of the PVT panel.  The mass flow rate was kept consistent to reduce an additional and 
unnecessary variable.  The “ambient temperature” was the dry bulb temperature within 
the testing area.  The “incident beam radiation” was the quantity of beam radiation at the 
angle of incident to the collector’s surface.  The “incident diffuse radiation” was the 
combined diffused radiation from the sky and ground reflected at the angle of incident to 
the collector’s surface.  The “incidence angle of beam radiation” was formed between a 
line normal to the collector's surface and the line of the beam radiation incident on the 
collector.  The “wind speed” was used only to calculate convective losses form the PV’s 
surface.  The “cell efficiency at reference conditions” was the rate at which the PV panel 
of the collector converted solar radiation to electrical energy at the reference temperature. 
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Table  5.2. Input Values for TRNSY Model Type 50d 
Inputs 
Inlet fluid temperature * °C 
Fluid mass flow rate 425.88 kg/hr 
Ambient temperature * °C 
Incident beam radiation * kJ/hr.m2 
Incident diffuse radiation * kJ/hr.m2 
Incidence angle of beam radiation * degrees 
Wind Speed * m/s 
Cell Efficiency at reference conditions 0.14 - 
 
 
5.2.2. Model Configuration. The first model configuration for the Type 50d can 
be found in Figure  5.1.  The system consisted of only three components: Type 99 (or 
User Defined Weather Data), Type 50d PVT panel, and System Printer.  Since the flow 
rate remained consistent during the experimental, the flow rate was also kept consistent 
during the first Type 50d model.  The flowrate was set within the Type 50d, so not 
additional pump component was required.  The System Printer organized the outputs, 
which were then transferred into a spreadsheet.   
The line connecting the components shows the transfer of information between 
them.  Once the lines were clicked specific parameters were connected together.  The 
connections between the User Defined Weather Data and the Type 50d can be found in 
Figure  5.2.  Only the outputs from the Type 50d were connected to the System Printer 




Figure  5.1. TRNSYS Type 50d Model Configuration with User Weather Data  
92 
 
Figure  5.2. TRNSYS User Weather Data to Type 50d Connections 
 
 
The second configuration (Figure  5.3) for the Type 50d included the TMY2 
weather data file.  Like the first model, the second was simple and had a consistent fluid 
flowrate, so no additional pump component was required.  The connections between the 
panel and weather components were slightly different, and can be found in Figure  5.4. 




Figure  5.3. TRNSYS Type 50d Model Configuration with TMY2 Weather File  
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Figure  5.4. TRNSYS TMY2 Weather Data to Type 50d Connections 
 
 
The third model configuration for the Type 50d was a complete system layout.  
The purpose was to determine how the PVT component preformed within a typical 
system and if there were any changes when compared to the simplistic models.  The main 
layout for the third model came from a sample PVT project produced by TRNSYS and 
continued within the ‘Example’ and ‘PVT’ folders.  The changes made to the example 
included the modification of the Type 50 PVT panel, which was already contained in the 
example, adding the Columbia, Missouri TMY2 file to the weather component, and 
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changing the hot water and electrical load demands to simulate the needs of a ‘typical, 
single-family home.’  A brief description of the system was included in the example.  The 
hot water and electrical load demands were calculated from information and 
recommendations presented in two different reports prepared by the NAHB Research 
Center [62] [63].  See Figure  5.5 for a layout of the system, Table  5.3 (a) for hourly hot 













Table  5.3. (a) Residential Hot Water Usage per Hour (on left), (b) Residential 



























0 0.9% 1.58 358  - Weekday Weekend 
1 0.9% 1.58 358  0 0.0125 1275 0.0114 1159 
2 0.9% 1.58 358  1 0.0125 1275 0.0114 1159 
3 0.9% 1.58 358  2 0.0125 1275 0.0114 1159 
4 0.9% 1.58 358  3 0.0125 1275 0.0114 1159 
5 1.5% 2.63 597  4 0.0125 1275 0.0114 1159 
6 7.5% 13.13 2983  5 0.0125 1275 0.0114 1159 
7 7.5% 13.13 2983  6 0.0500 5100 0.0455 4636 
8 6.3% 11.03 2506  7 0.0750 7650 0.0455 4636 
9 6.3% 11.03 2506  8 0.0500 5100 0.0568 5795 
10 6.3% 11.03 2506  9 0.0375 3825 0.0568 5795 
11 5.0% 8.75 1989  10 0.0375 3825 0.0568 5795 
12 5.0% 8.75 1989  11 0.0375 3825 0.0568 5795 
13 3.5% 6.13 1392  12 0.0625 6375 0.0568 5795 
14 3.5% 6.13 1392  13 0.0375 3825 0.0568 5795 
15 3.5% 6.13 1392  14 0.0375 3825 0.0568 5795 
16 3.5% 6.13 1392  15 0.0625 6375 0.0568 5795 
17 6.3% 11.03 2506  16 0.0750 7650 0.0568 5795 
18 6.3% 11.03 2506  17 0.0750 7650 0.0682 6955 
19 6.3% 11.03 2506  18 0.0750 7650 0.0682 6955 
20 6.3% 11.03 2506  19 0.0750 7650 0.0682 6955 
21 5.0% 8.75 1989  20 0.0625 6375 0.0568 5795 
22 5.0% 8.75 1989  21 0.0375 3825 0.0341 3477 
23 0.9% 1.58 358  22 0.0250 2550 0.0227 2318 
     23 0.0125 1275 0.0114 1159 
 
 
The electrical portion of the system included the Type 50d PVT panel, predefined 
electrical loads (generated by the Type 14s, Type 41 and an equation generator), 
inverter/charge controller (Type 48) and battery bank (Type 47).  The charge controller 
was set to decide whether the electricity generated should be used toward the load 
demand or to change the batteries.  The thermal portion of the system included the Type 
50d PVT panel, predefined hot water load demand (Type 14), fluid tank (Type 39), pump 
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controller (Type 2), mixing value (Type 11), fill pump (Type 114), and panel pump 
(Type 114).  The pump controller registered the inlet and outlet temperatures of the PVT 
panel, and when potential energy (thermal gain) could be collected the controller would 
turn on the pump and control the flowrate.  The fluid would circulate through the PVT 
panel and into the tank.  If there was a current hot water demand, the heated fluid would 
leave the tank and be replaced by ground-source water via the fill pump.  The fresh water 
would be mixed with the fluid exiting the PVT panel and go into the tank.  Ultimately the 
only data retrieved and analyzed from the model was the same Type 50d panel outputs 
that were used in the previous two configurations, which are listed in Table  5.4.  
5.2.3. Results.  The following section displays and analyzes the Type 50d 
TRNSYS models, which included: (1) simple configuration using Type 99 user-defined 
weather data, (2) simple configuration using TMY2 weather data file for Columbia, 
Missouri and (3) complex complete system configuration using TMY2 weather data file 
for Columbia, Missouri.  The outputs from each configuration were kept constant and can 
be found in Table  5.4.  The comparison between the TRNSYS models, MATLAB model 
and experimental data can be found in Section 6. 
The list of available outputs for Type 50d can be found in Table  5.4.  The “outlet 
fluid temperature” was the temperature at which the fluid exits the thermal section of the 
PVT panel.  The “fluid flowrate” was the mass flow rate of fluid as it exited the thermal 
section of the PVT panel.  The “rate of useful energy gain” was the rate of thermal gain 
retrieved from the PVT panel and collected via the fluid.  The “collector loss coefficient” 
was the total thermal energy loss coefficient for the PVT panel. This did not include the 
electrical energy that was generated by the PV panel or became thermal gain.  The 
“transmittance-absorptance product” was the product of the cover’s transmittance and 
absorptance.  The “electrical power output” was the rate of electrical energy generated by 
the PV section of the panel.  The “average cell temperature” was the overall cell 
temperature at which the PV was operating at.  The “apparent thermal loss coefficient” 
was the total thermal loss coefficient (UL) plus an additional factor to account for the 




Table  5.4. Outputs for TRNSY Model Type 50d 
Outputs 
Outlet fluid temperature °C 
Fluid flowrate kg/hr 
Rate of useful energy gain kJ/hr 
Collector loss coefficient kJ/hr.m2.K 
Transmittance-absorptance product - 
Electrical power output kJ/hr 
Average cell temperature °C 
Apparent thermal loss coefficient kJ/hr.m2.K 
 
 
The two simple model results can be found in Figure  5.6 (Type 99 user-defined 
weather data) and Figure  5.7 (TMY2 weather file of Columbia, MO).  The overall 
thermal and electrical outputs were slightly higher in the model with the user-defined 
weather data, because it only included data from most-sunny, summer days.  The second 
model with the TMY2 file consisted of year-round data that also included cooler, rainy 
days.  The first model outputs for the electrical, thermal and combined were 165.0, 358.2, 
and 523.2 watts, respectively, at an irradiance level of 1,000 W/m2.  The combined output 
was a 217% increase over the electrical alone.  The graph for the first model can be found 
in Figure  5.6 and the trendline equations are found in Table  6.4.  The second model 
outputs for the electrical, thermal and combined were 171.2, 401.4, and 572.7 watts, 
respectively, at an irradiance level of 1,000 W/m2.  The combined output was a 235% 
increase over the electrical alone.  The graph for the second model can be found in 
Figure  5.7 and the trendline equations are found in Table  6.8. 
The third model for the Type 50d was a complete system that included hot water 
and electrical load demands to simulate the needs of a ‘typical, single-family home.’  The 
graph for the complex system can be found in Figure  5.8 and the trendline equations are 
found in Table  6.10.  The model outputs for the electrical, thermal and combined were 
89.9, 110.6, and 200.5 watts, respectively, at an irradiance level of 1,000 W/m2.  The 
combined output was a 123% increase over the electrical alone.   
One of the major differences between the more complex, complete system model 
and the simple models was the percentage of the time that the thermal gain (hot water) 
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was not required or the potential for the thermal gain was not great enough to operate the 
pump.  For the first model, which represented the actual experimental configuration, the 
pump operated the entire testing period, which was +/-3 hours solar noon.  Overall the 
pump operated 25% of the day.  The pump for the complete system operated 
approximately 17.3% of the time, which produced a large percentage of zero thermal gain 
data points.  To help obtain a better idea of the thermal and electrical capacities for the 
system, Figure  5.9 shows the same complex system, but all of the zero thermal gain data 
points were removed.  The trendline equations can be found in Table  6.12.  For 
Figure  5.9, the model outputs for the electrical, thermal and combined were 89.4, 214.5, 
and 303.9 watts, respectively, at an irradiance level of 1,000 W/m2.  The combined output 
was a 240% increase over the electrical alone.   
Second-order polynomial trendlines were used to represent the data since all of 
the data had a slight curve to the point.  The statistical analysis results for first, second, 
and modified third models can be found in Table  5.5, Table  5.6, and Table  5.7, 
respectively, which directly precedes the corresponding figure.  The coefficient of 
determination (R2) can be found in Equation  3.4.  The coefficient of variation of the root 
mean square error (CVRMSE) can be found in Equation  3.5.  ASHRAE 14 - 2002 
recommends that the CRRMSE for hourly data be 30%.  The normalized mean bias error 
(NMBE) can be found in Equation  3.6.  ASHRAE 14 - 2002 recommends that the NMBE 
for hourly data be 10%.  Overall, all of the TRNSYS models for Type 50d were a good fit 
for the second-order polynomial trendlines.  
 
 
Table  5.5. Statistical Results for the TRNSYS Model Type 
50d Outputs Using User-Defined Weather Data 
Power Thermal Electrical Combined 
R2 99% 99% 99% 
CVRMSE 21% 16% 18% 











Table  5.6. Statistical Results for the TRNSYS Model 
Type 50d Outputs Using TMY2 Weather File 
Power Thermal Electrical Combined 
R2 96% 99% 97% 
CVRMSE 43% 16% 32% 









Figure  5.8. TRNSYS Type 50d Outputs Using Complete System 
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Table  5.7. Statistical Results for the TRNSYS Type 50d 
Outputs Using Complete System, No Zero Thermal 
Power Thermal Electrical Combined 
R2 173% 103% 169% 
CVRMSE 299% 11% 159% 




Figure  5.9. TRNSYS Type 50d Outputs Using Complete System, No Zero Thermal 
 
 
5.3. TYPE 250 
In 1977 the Solar Heating and Cooling Programme (SHC) [64] was formed by the 
International Energy Agency (IEA), which is a collaboration of 20 countries from around 
the world.  The purpose of the SHC program was to research and promote all aspects of 
solar thermal technologies, and did so by creating specific research areas/projects called 
Tasks.  The Task 35 covered “PV/Thermal Solar Systems” and ran from January 2005 to 
June 210.  The task’s overall objective was to “catalyze the development and market 
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introduction of high quality and commercial competitive PV/Thermal Solar Systems and 
to increase general understanding and contribute to internationally accepted standards on 
performance, testing, monitoring and commercial characteristics of PV/Thermal Solar 
Systems in the building sector [65].”  The Task 35 was organized into five subtasks, 
which included: (A) market and commercialization of PVT, (B) energy analysis and 
modelling, (C) product and system development, tests and evaluation, (D) demonstration 
projects, and (E) dissemination.  For the purpose of this research and modelling, the main 
focus was on subtask (B) which was the energy analysis and modelling.   
In an IEA SHC – Task 35 report, the down falls of the TRNSYS Type 50 were 
discussed.  The ultimate conclusion was that the “models contain serious errors which 
limit their usability. In particular, a ‘floating point (division by zero) error’ is often 
encountered which prevents completion of a simulation [66].”  As a result the task 
members created a modified Type 50d, which they called Type 250.  The Type 250 
modifications included: correction of a division by zero error, correction of an error in the 
PV temperature coefficient, and reorganization of model inputs, outputs, and parameters 
[67].  The Type 250 was designed to be a simplification of the Type 50d, and not any of 
the other versions of Type 50.  The component can only be used to model glazed or 
unglazed, flat-plat PVT panels that use fluids or air.  
5.3.1. Parameters.  Within the Type 250 component there were three major tabs 
of information: Parameters, Inputs and Outputs.  The list of parameters and the values 
used for Type 250 can be found in Table  5.8.  The “collector area” encompassed the 
entire area as well as the frame, and was set to include both PVT panels.  The “collector 
efficiency factor” was the thermal section’s efficiency to removal heat.  The “fluid heat 
capacity” was the specific heat of the fluid in the collector, which was water only.  The 
“number of glass covers” referred to all of the glass layers encapsulating the top of the 
PVT panel. For this research the glass cover was part of the PV laminated assembly and 
was set to one.  The “KL product” is also known as the extinction coefficient thickness 
product. The extinction coefficient was the measure of how much solar spectrum 
radiation was absorbed as it passed through the glass covering, which was then multiplied 
by the thickness of the glass.  The “back and edge loss coefficient” was the summation of 
the thermal losses from the back and side of the PVT panel.  The “PV Absorptivity” was 
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the cover’s ability to reflect radiation subtracted from one.  The “PV emissivity” was the 
collector surface’s ability to absorb long-wave radiation (or heat up).  The “PV 
efficiency" was the rate at which the PV panel of the collector converted solar radiation 
to electrical energy at the reference temperature.  The “PV temperature coefficient” was a 
value given by the PV specification sheet, and denotes the reduction of efficiency per 
degree Kelvin.  The “PV reference temperature” was also given by the PV specification 
sheet, and was temperature at which the PV cell efficiency was given.  The “PV packing 
factor” was the ratio of PV cell area to the overall collector area. 
 
 
Table  5.8. Parameter Values for TRNSY Model Type 250 
Parameters 
Collector Area 2.4 m2 
Collector Efficiency Factor (FP) 0.235 - 
Fluid Heat Capacity 4.179 kJ/kg.K 
Number of Glass Covers 1 - 
KL Product 0.59 - 
Back and Edge Loss Coefficient 4.19 kJ/hr.m2.K 
PV Absorptivity 0.92 - 
PV Emissivity 0.9 - 
PV Efficiency 0.14 - 
PV Temperature Coeff -0.0045 any 
PV Ref Temperature 25 °C 
PV Packing Factor 0.459 - 
 
 
The list of inputs and the values used for Type 250 can be found in Table  5.9. The 
asterisk denotes that the value comes from the weather data file(s).  The “fluid inlet 
temperature” was the fluid temperature as in first entered the thermal section of the PVT 
panel.  For the Type 99 (or User-Defined Weather Data) the inlet temperature was set to 
the actual recorded inlet temperature of the experimental panels.  For the Type 15-2 
(TMY2 Weather Data) the inlet temperature was set to the water main temperature.  The 
“collector specific flowrate” was the mass flow rate of the fluid as it entered the thermal 
section of the PVT panel.  The mass flow rate was kept consistent to reduce an additional 
and unnecessary variable.  The “collector slope” was measured up from the horizon-line.  
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The “ambient temperature” was the dry bulb temperature within the testing area.  The 
“incident beam radiation” was the quantity of beam radiation at the angle of incident to 
the collector’s surface.  The “incident diffuse radiation” was the combined diffused 
radiation from the sky and ground reflected at the angle of incident to the collector’s 
surface.  The “incidence angle” was formed between a line normal to the collector's 
surface and the line of the beam radiation incident on the collector.  The “wind speed” 
was used only to calculate convective losses form the PV’s surface. 
 
 
Table  5.9. Input Values for TRNSY Model Type 250 
Inputs 
Fluid Inlet Temperature * °C 
Collector Specific Flowrate 177.45 kg/hr.m2 
Collector Slope 38 degrees 
Ambient Temperature * °C 
Incident Beam Radiation * kJ/hr.m2 
Incident Diffuse Radiation * kJ/hr.m2 
Incident Angle * degrees 
Wind Speed * m/s 
 
 
5.3.2. Model Configuration. The first model configuration for the Type 250 can 
be found in Figure  5.10.  The system consisted of only three components: Type 99 (or 
User Defined Weather Data), Type 250 PVT panel, and System Printer.  Since the flow 
rate remained consistent during the experimental, the flow rate was also kept consistent 
during the first Type 250 model.  The flowrate was set within the Type 250, so not 
additional pump component was required.  The System Printer organized the outputs 
which were then transferred into a spreadsheet.   
The line connecting the components shows the transfer of information between 
them.  Once the lines were clicked specific parameters were connected together.  The 
connections between the User Defined Weather Data and the Type 250 can be found in 
Figure  5.11.  Only the outputs from the Type 250 were connected to the System Printer 
with no conversions added.  The outputs for Type 250 can be found in Table  5.10.  
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Figure  5.11. TRNSYS User Weather Data to Type 250 Connections 
 
 
The second configuration (Figure  5.12) for the Type 250 included the TMY2 
weather data file.  Like the first model, the second was simple and had a consistent fluid 
flowrate, so no additional pump component was required.  The connections between the 
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panel and weather components were slightly different, and can be found in Figure  5.13. 








Figure  5.13. TRNSYS TMY2 Weather Data to Type 250 Connections 
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The third model configuration for the Type 250 was a complete system layout.  
The purpose was to determine how the PVT component preformed within a typical 
system and if there were any changes when compared to the simplistic models.  The 
layout for the model with the hot water and electrical load demands were identical as the 
third model used for the Type 50d.  The main layout for the third model came from a 
sample PVT project produced by TRNSYS and continued within the ‘Example’ and 
‘PVT’ folders.  The changes made to the example included the modification of the Type 
250 PVT panel, which was already contained in the example, adding the Columbia, 
Missouri TMY2 file to the weather component, and changing the hot water and electrical 
load demands to simulate the needs of a ‘typical, single-family home.’  The hot water and 
electrical load demands were calculated from information and recommendations 
presented in two different reports prepared by the NAHB Research Center [62] [63].  See 
Figure  5.14 for a layout of the system, Table  5.3 (a) for hourly hot water loads, and 




Figure  5.14. TRNSYS Type 250, Complete System Configuration 
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The electrical portion of the system included the Type 250 PVT panel, predefined 
electrical loads (generated by the Type 14s, Type 41 and an equation generator), 
inverter/charge controller (Type 48) and battery bank (Type 47).  The charge controller 
was set to decide whether the electricity generated should be used toward the load 
demand or to change the batteries.  The thermal portion of the system included the Type 
250 PVT panel, predefined hot water load demand (Type 14), fluid tank (Type 39), pump 
controller (Type 2), mixing value (Type 11), fill pump (Type 114), and panel pump 
(Type 114).  The pump controller registered the inlet and outlet temperatures of the PVT 
panel, and when potential energy (thermal gain) could be collected the controller would 
turn on the pump and control the flowrate.  The fluid would circulate through the PVT 
panel and into the tank.  If there was a current hot water demand, the heated fluid would 
leave the tank and be replaced by ground-source water via the fill pump.  The fresh water 
would be mixed with the fluid exiting the PVT panel and go into the tank.  Ultimately the 
only data retrieved and analyzed from the model was the same Type 250 panel outputs 
that were used in the previous two configurations, which are listed in Table  5.10.  
5.3.3. Results.  The following section displays and analyzes the Type 250 
TRNSYS models, which included: (1) simple configuration using Type 99 user-defined 
weather data, (2) simple configuration using TMY2 weather data file for Columbia, 
Missouri and (3) complex complete system configuration using TMY2 weather data file 
for Columbia, Missouri.  The outputs from each configuration were kept constant and can 
be found in Table  5.10.  The comparison between the TRNSYS models, MATLAB 
model and experimental data can be found in Section 6. 
The list of available outputs for Type 250 can be found in Table  5.10.  The 
“thermal output” was the rate of thermal gain retrieved from the PVT panel and collected 
via the fluid.  The “electrical output” was the rate of electrical energy generated by the 
PV section of the panel.  The “fluid outlet temperature” was the temperature at which the 
fluid exits the thermal section of the PVT panel.  The “flowrate” was the mass flow rate 
of fluid as it exited the thermal section of the PVT panel.  The “tau-alpha” was the 
product of the cover’s transmittance and absorptance.  The “average cell temperature” 
was the overall cell temperature at which the PV was operating at.  The “loss collector” 
was the total thermal energy loss coefficient for the PVT panel. This did not include the 
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electrical energy that was generated by the PV panel or became thermal gain.  The 
“apparent loss” was the total thermal loss coefficient (UL) plus an additional factor to 
account for the additional energy that was not converted into electrical or thermal energy. 
 
 
Table  5.10. Outputs for TRNSY Model Type 250 
Outputs 
Thermal Output kJ/hr 
Electrical Output kJ/hr 
Fluid Outlet Temperature °C 
Flow Rate kg/hr 
tau-alpha - 
Average Cell Temperature °C 
Loss Coefficient kJ/hr.m2.K 
Apparent Loss kJ/hr.m2.K 
 
 
The two simple model results can be found in Figure  5.15 (Type 99 user-defined 
weather data) and Figure  5.16 (TMY2 weather file of Columbia, MO).  The overall 
thermal and electrical outputs were slightly higher in the model with the user-defined 
weather data, because it only included data from most-sunny, summer days.  The second 
model with the TMY2 file consisted of year-round data that included cooler, rainy days.   
The first model outputs for the electrical, thermal and combined were 61.3, 359.7, 
and 420.9 watts, respectively, at an irradiance level of 1,000 W/m2.  The combined output 
was a 587% increase over the electrical alone.  The graph for the first model can be found 
in Figure  5.15 and the trendline equations are found in Table  6.4.  The second model 
outputs for the electrical, thermal and combined were 77.9, 398.9, and 476.8 watts, 
respectively, at an irradiance level of 1,000 W/m2.  The combined output was a 512% 
increase over the electrical alone.  The graph for the second model can be found in 
Figure  5.16 and the trendline equations are found in Table  6.8. 
The third model for the Type 250 was a complete system that included hot water 
and electrical load demands to simulate the needs of a ‘typical, single-family home.’  The 
graph for the complex system can be found in Figure  5.17 and the trendline equations are 
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found in Table  6.10.  The model outputs for the electrical, thermal and combined were 
89.9, 110.6, and 200.5 watts, respectively, at an irradiance level of 1,000 W/m2.  The 
combined output was a 123% increase over the electrical alone.   
One of the major differences between the more complex, complete system model 
and the simple models was the percentage of the time that the thermal gain (hot water) 
was not required or the potential for the thermal gain was not great enough to operate the 
pump.  For the first model, which represented the actual experimental configuration, the 
pump operated the entire testing period, which was +/-3 hours solar noon.  Overall the 
pump operated 25% of the day.  The pump for the complete system operated 
approximately 17.3% of the time, which produced a large percentage of zero thermal gain 
data points.  To help obtain a better idea of the thermal and electrical capacities for the 
system, Figure  5.18 shows the same complex system, but all of the zero thermal gain data 
points were removed.  The trendline equations are found in Table  6.12.  For Figure  5.18, 
the model outputs for the electrical, thermal and combined were 59.2, 213.3, and 272.5 
watts, respectively, at an irradiance level of 1,000 W/m2.  The combined output was a 
360% increase over the electrical alone.   
Second-order polynomial trendlines were used to represent the data since all of 
the data had a slight curve to the point.  The statistical analysis results for first, second, 
and modified third models can be found in Table  5.11, Table  5.12, and Table  5.13, 
respectively, which directly precedes the corresponding figure.  The coefficient of 
determination (R2) can be found in Equation  3.4.  The coefficient of variation of the root 
mean square error (CVRMSE) can be found in Equation  3.5.  ASHRAE 14 - 2002 
recommends that the CRRMSE for hourly data be 30%.  The normalized mean bias error 
(NMBE) can be found in Equation  3.6.  ASHRAE 14 - 2002 recommends that the NMBE 
for hourly data be 10%.  Overall, all of the TRNSYS models for Type 250 were a good fit 





Table  5.11. Statistical Results for the TRNSYS Model 
Type 250 Outputs Using User-Defined Weather Data 
Power Thermal Electrical Combined 
R2 99% 98% 99% 
CVRMSE 21% 19% 19% 




Figure  5.15. TRNSYS Model Type 250 Outputs Using User-Defined Weather Data 
 
 
Table  5.12. Statistical Results for the TRNSYS Model 
Type 250 Outputs Using TMY2 Weather File 
Power Thermal Electrical Combined 
R2 96% 97% 97% 
CVRMSE 44% 24% 34% 








Figure  5.17. TRNSYS Type 250 Outputs Using Complete System 
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Table  5.13. Statistical Results for the TRNSYS Type 250 
Outputs Using Complete System, No Zero Thermal 
Power Thermal Electrical Combined 
R2 172% 112% 174% 
CVRMSE 300% 21% 177% 









5.4. TYPE 560 
The Type 560 was developed as part of the Electrical Library by Thermal Energy 
System Specialist (TESS), which is out of Madison, Wisconsin and has had a close tie to 
TRNSYS since the mid-1990s [68].  The source code for the Type 560 component was 
developed from algorithms found in Chapter 6 of the “Solar Engineering of Thermal 
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Processes” by Duffie and Beckman [48].  The algorithms predominately came from the 
Hottel-Whillier [53] theory, which predicts the performance of flat-plate solar thermal 
panels.  The Type 560 is a flat-plate, liquid-filled, PVT panel with cells that are assumed 
to operate at the maximum power point [69].  
5.4.1. Parameters.  Within the Type 560 component there were three major tabs 
of information: Parameters, Inputs and Outputs.  The list of parameters and the values 
used for Type 560 can be found in Table  5.14.  The “collector length” was the length of 
the collector along the direction of the tubes.  The “collector width” was the length of 
collector across the direction of the tubes.  The “absorber plate thickness” was the 
thickness of the plate connected to the tubes.  The “thermal conductivity of the absorber” 
was the absorber plate’s rate of conducting heat.  The “number of tubes” was the total 
number of tubes bonded to the absorber plate.  The “tube diameter” was the diameter of 
the fluid tubes bonded to the absorber plate.  The “bond width” was the average width of 
the bond between the tubes and absorber plate.  The “bond thickness” was the average 
thickness of the bond between the tubes and absorber plate.  The “bond thermal 
conductivity” was the bond’s rate of conducting heat between the absorber plate and 
tubes.  The “resistance of substrate material” resistance to heat transfer of the material 
located between the PV cells and the absorber plate.  The “resistance of back material” 
was the resistance to heat transfer of the PVT panel backing (foam material).  The “fluid 
specific heat” was the specific heat of the fluid in the collector, which was water only.  
The “reflectance” was the PVT surface’s ability to reflect solar radiance at the normal 
incidence angle.  The “emissivity” was the collector surface’s ability to absorb long-wave 
radiation (or heat up).  The “1st order IAM coefficient” was the first order coefficient 
within the incidence angle modifier function.  The “PV cell reference temperature” was 
given by the PV specification sheet, and was temperature at which the PV cell efficiency 
was given.  The “PV cell reference radiation” was given by the PV specification sheet, 
and was available radiation level at which the PV cell efficiency was given.  The “PV 
efficiency at reference condition” was the rate at which the PV panel of the collector 
converted solar radiation to electrical energy at the reference temperature.  The 
“efficiency modifier - temperature” was given by the PV specification sheet, and was 
multiplier to correct the rated PV cell efficiency as a function of cell temperature.  The 
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“efficiency modifier - radiation” was given by the PV specification sheet, and was 




Table  5.14. Parameter Values for TRNSY Model Type 560 
Parameters 
Collector Length 1.587 m 
Collector Width 0.79 m 
Absorber Plate Thickness 0.00203 m 
Thermal Conductivity of the Absorber 1080 kJ/hr.m.K 
Number of Tubes 4 - 
Tube Diameter 0.01588 m 
Bond Width 0.05 m 
Bond Thickness 0.01 m 
Bond Thermal Conductivity 1.17 kJ/hr.m.K 
Resistance of Substrate Material 0.011574 h.m2.K/kJ 
Resistance of Back Material 0.271862 h.m2.K/kJ 
Fluid Specific Heat 4.179 kJ/kg.K 
Reflectance 0.08 Fraction 
Emissivity 0.9 Fraction 
1st Order IAM Coefficient 0.1 - 
PV Cell Reference Temperature 25 °C 
PV Cell Reference Radiation 3600 kJ/hr.m2 
PV Efficiency at Reference Condition 0.14 Fraction 
Efficiency Modifier - Temperature -0.0045 1/°C 




The list of inputs and the values used for Type 560 can be found in Table  5.15.  
The “inlet temperature” was the fluid temperature as in first entered the thermal section 
of the PVT panel.  For the Type 99 (or User-Defined Weather Data) the inlet temperature 




Table  5.15. Input Values for TRNSY Model Type 560 
Inputs 
Inlet Temperature * °C 
Inlet Flowrate 425.88 kg/hr 
Ambient Temperature * °C 
Sky Temperature 10 °C 
Back-Surface Environment Temperature * °C 
Incident Solar Radiation * kJ/hr.m2 
Total Horizontal Radiation * kJ/hr.m2 
Horizontal Diffuse Radiation * kJ/hr.m2 
Ground Reflectance 0.5 Fraction 
Incidence Angle * degrees 
Collector Slope 38 degrees 
Top Loss Convection Coefficient 20 kJ/hr.m2.K 
Back Heat Loss Coefficient 15 kJ/hr.m2.K 
Fluid Heat Transfer Coefficient 2000 - 
 
 
For the Type 15-2 (TMY2 Weather Data) the inlet temperature was set to the 
water main temperature.  The “inlet flowrate” was the mass flow rate of the fluid as it 
entered the thermal section of the PVT panel.  The mass flow rate was kept consistent to 
reduce an additional and unnecessary variable.  The “ambient temperature” was the dry 
bulb temperature within the testing area.  The “sky temperature” was the temperature of 
the sky, which was used to calculate long-wave radiation losses from the collector 
surface.  The “back-surface environment temperature” was the temperature of the air/area 
behind the collector.  Since the air flow behind the experimental panels was unrestricted, 
it was assumed that the back-surface environment temperature equaled the ambient 
temperature.  The “incident solar radiation” was the beam and summation of the beam 
and diffused solar radiation striking the sloped collector.  The “total horizontal radiation” 
was the summation of the beam and diffused solar radiation striking a horizontal surface.  
The “horizontal diffuse radiation” was the rate of diffused radiation striking a horizontal 
surface.  The “ground reflectance” was the reflectance of the surface directly in front the 
panels. Typical values were recommended to be 0.2 for ground not covered by snow and 
0.7 for snow-covered ground.  The “incidence angle” was formed between a line normal 
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to the collector's surface and the line of the beam radiation incident on the collector.  The 
“collector slope” was the angle measured up from the horizon-line.  The “top loss 
convection coefficient” was the convective heat loss coefficient from the top of the 
collector to the ambient area around the panels.  The “back heat loss coefficient” was the 
convective and radiative heat transfer coefficient from the back of the collector to the 
area behind the panels.  The “fluid heat transfer coefficient” was the heat transfer 
coefficient from the tube walls to the fluid within the tubes. 
5.4.2. Model Configuration. The first model configuration for the Type 560 can 
be found in Figure  5.19.  The system consisted of only three components: Type 99 (or 
User Defined Weather Data), Type 560 PVT panel, and System Printer.  Since the flow 
rate remained consistent during the experimental, the flow rate was also kept consistent 
during the first Type 560 model.  The flowrate was set within the Type 560, so not 
additional pump component was required.  The System Printer organized the outputs 
which were then transferred into a spreadsheet.   
The line connecting the components shows the transfer of information between 
them.  Once the lines were clicked specific parameters were connected together.  The 
connections between the User Defined Weather Data and the Type 560 can be found in 
Figure  5.20.  Only the outputs from the Type 560 were connected to the System Printer 










Figure  5.20. TRNSYS User Weather Data to Type 560 Connections 
 
 
The second configuration (Figure  5.21) for the Type 560 included the TMY2 
weather data file.  Like the first model, the second was simple and had a consistent fluid 
flowrate, so no additional pump component was required.  The connections between the 
panel and weather components were slightly different, and can be found in Figure  5.22. 








Figure  5.22. TRNSYS TMY2 Weather Data to Type 560 Connections 
 
 
The third model configuration for the Type 560 was a complete system layout.  
The purpose was to determine how the PVT component preformed within a typical 
system and if there were any changes when compared to the simplistic models.  The 
layout for the model with the hot water and electrical load demands were identical as the 
third model used for the Type 50d and Type 250.  The main layout for the third model 
came from a sample PVT project produced by TRNSYS and continued within the 
‘Example’ and ‘PVT’ folders.  The changes made to the example included the 
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modification of the Type 560 PVT panel, which was already contained in the example, 
adding the Columbia, Missouri TMY2 file to the weather component, and changing the 
hot water and electrical load demands to simulate the needs of a ‘typical, single-family 
home.’  The hot water and electrical load demands were calculated from information and 
recommendations presented in two different reports prepared by the NAHB Research 
Center [62] [63].  See Figure  5.23 for a layout of the system, Table  5.3 (a) for hourly hot 




Figure  5.23. TRNSYS Type 560, Complete System Configuration 
 
 
The electrical portion of the system included the Type 560 PVT panel, predefined 
electrical loads (generated by the Type 14s, Type 41 and an equation generator), 
inverter/charge controller (Type 48) and battery bank (Type 47).  The charge controller 
was set to decide whether the electricity generated should be used toward the load 
demand or to change the batteries.  The thermal portion of the system included the Type 
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560 PVT panel, predefined hot water load demand (Type 14), fluid tank (Type 39), pump 
controller (Type 2), mixing value (Type 11), fill pump (Type 114), and panel pump 
(Type 114).  The pump controller registered the inlet and outlet temperatures of the PVT 
panel, and when potential energy (thermal gain) could be collected the controller would 
turn on the pump and control the flowrate.  The fluid would circulate through the PVT 
panel and into the tank.  If there was a current hot water demand, the heated fluid would 
leave the tank and be replaced by ground-source water via the fill pump.  The fresh water 
would be mixed with the fluid exiting the PVT panel and go into the tank.  Ultimately the 
only data retrieved and analyzed from the model was the same Type 560 panel outputs 
that were used in the previous two configurations, which are listed in Table  5.16.  
5.4.3. Results.  The following section displays and analyzes the Type 560 
TRNSYS models, which included: (1) simple configuration using Type 99 user-defined 
weather data, (2) simple configuration using TMY2 weather data file for Columbia, 
Missouri and (3) complex complete system configuration using TMY2 weather data file 
for Columbia, Missouri.  The outputs from each configuration were kept constant and can 
be found in Table  5.16.  The comparison between the TRNSYS models, MATLAB 
model and experimental data can be found in Section 6. 
The list of available outputs for Type 560 can be found in Table  5.16.  The 
“temperature at outlet” was the temperature at which the fluid exits the thermal section of 
the PVT panel.  The “flowrate at outlet” was the temperature at which the fluid exits the 
thermal section of the PVT panel.  The “useful energy gain” was the rate of thermal gain 
retrieved from the PVT panel and collected via the fluid.  The “PV power” was the rate of 
electrical energy generated by the PV section of the panel.  The “PV efficiency” was the 
PVT panel’s ability to remove to heat/thermal gain.  The “thermal efficiency” was the 
PVT panel’s ability to convert available solar radiance to electrical output.  The 
“collector FR” was the calculated value of the collector heat removal factor.  The “mean 
PV temperature” was the overall cell temperature at which the PV was operating at.  The 
“mean fluid temperature” was the average fluid temperature within the panel.  The 
“incidence angle modifier” was the final/calculated IAM coefficient. The “collector top 
losses - convective” was the total convective thermal energy loss coefficient for the PVT 
panel surface.  The “collector top losses - radiative” was the total radiative thermal 
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energy loss coefficient for the PVT panel surface.  The “collector back losses” was the 
calculated convective and radiative heat transfer coefficient from the back of the collector 
to the area behind the panels.  The “absorbed solar radiation” was the rate at which the 
solar radiation is absorbed by the collector.  The value did not include the radiation that 
was absorbed by the PV cells or converted to electrical energy.  The “overall heat loss 
coefficient” was the overall calculated heat loss coefficient of the PVT at the specific 
time interval.  The “FRTAN” was the intercept term for the collector efficiency equation.  
The “FRUL” was the linear term for the collector efficiency equation. 
 
 
Table  5.16. Outputs for TRNSY Model Type 560 
Outputs 
Temperature at Outlet °C 
Flowrate at Outlet kg/hr 
Useful Energy Gain kJ/hr 
PV Power kJ/hr 
PV Efficiency Fraction 
Thermal Efficiency Fraction 
Collector FR - 
Mean PV Temperature °C 
Mean Fluid Temperature °C 
Incidence Angle Modifier - 
Collector Top Losses - Convective kJ/hr 
Collector Top Losses - Radiative kJ/hr 
Collector Back Losses kJ/hr 
Absorbed Solar Radiation kJ/hr 





The two simple model results can be found in Figure  5.24 (Type 99 user-defined 
weather data) and Figure  5.25 (TMY2 weather file of Columbia, MO).  The overall 
thermal and electrical outputs were slightly higher in the model with the user-defined 
weather data, because it only included data from most-sunny, summer days.  The second 
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model with the TMY2 file consisted of year-round data that also included cooler, rainy 
days.   
The first model outputs for the electrical, thermal and combined were 123.5, 
246.8, and 370.3 watts, respectively, at an irradiance level of 1000 W/m2.  The combined 
output was a 200% increase over the electrical alone.  The graph for the first model can 
be found in Figure  5.24 and trendline equations are found in Table  6.4.  The second 
model outputs for the electrical, thermal and combined were 134.8, 279.7, and 414.5 
watts, respectively, at an irradiance level of 1,000 W/m2.  The combined output was a 
207% increase over the electrical alone.  The graph for the second model can be found in 
Figure  5.25 and trendline equations are found in Table  6.8. 
The third model for the Type 250 was a complete system that included hot water 
and electrical load demands to simulate the needs of a ‘typical, single-family home.’  The 
graph for the complex system can be found in Figure  5.26 and trendline equations are 
found in Table  6.10.  The model outputs for the electrical, thermal and combined were 
126.5, 136.1, and 262.6 watts, respectively, at an irradiance level of 1,000 W/m2.  The 
combined output was a 108% increase over the electrical alone.   
One of the major differences between the more complex, complete system model 
and the simple models was the percentage of the time that the thermal gain (hot water) 
was not required or the potential for the thermal gain was not great enough to operate the 
pump.  For the first model, which represented the actual experimental configuration, the 
pump operated the entire testing period, which was +/-3 hours solar noon.  Overall the 
pump operated 25% of the day.  The pump for the complete system operated 
approximately 17.3% of the time, which produced a large percentage of zero thermal gain 
data points.  To help obtain a better idea of the thermal and electrical capacities for the 
system, Figure  5.27 shows the same complex system, but all of the zero thermal gain data 
points were removed.  Trendline equations are found in Table  6.12.  For Figure  5.27, the 
model outputs for the electrical, thermal and combined were 130.8, 260.6, and 391.4 
watts, respectively, at an irradiance level of 1,000 W/m2.  The combined output was a 
200% increase over the electrical alone.   
Second-order polynomial trendlines were used to represent the data since all of 
the data had a slight curve to the point.  The statistical analysis results for first, second, 
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and modified third models can be found in Table  5.17, Table  5.18, and Table  5.19, 
respectively, which directly precedes the corresponding figure.  The coefficient of 
determination (R2) can be found in Equation  3.4.  The coefficient of variation of the root 
mean square error (CVRMSE) can be found in Equation  3.5.  ASHRAE 14 - 2002 
recommends that the CRRMSE for hourly data be 30%.  The normalized mean bias error 
(NMBE) can be found in Equation  3.6.  ASHRAE 14 - 2002 recommends that the NMBE 
for hourly data be 10%.  Overall, all of the TRNSYS models for Type 560 were a good fit 
for the second-order polynomial trendlines.  
 
Table  5.17. Statistical Results for the TRNSYS Model 
Type 560 Outputs Using User-Defined Weather Data 
Power Thermal Electrical Combined 
R2 98% 100% 99% 
CVRMSE 77% 5.4% 37% 
NMBE 0.0% 0.0% 0.0% 
 
 
Figure  5.24. TRNSYS Model Type 560 Outputs Using User-Defined Weather Data 
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Table  5.18. Statistical Results for the TRNSYS Model 
Type 560 Outputs Using TMY2 Weather File 
Power Thermal Electrical Combined 
R2 88% 100% 93% 
CVRMSE 132% 11% 76% 







Figure  5.25. TRNSYS Model Type 560 Outputs Using TMY2 Weather File 
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Table  5.19. Statistical Results for the TRNSYS Type 560 
Outputs Using Complete System, No Zero Thermal 
Power Thermal Electrical Combined 
R2 240% 117% 222% 
CVRMSE 324% 22% 183% 





Figure  5.27. TRNSYS Type 560 Outputs Using Complete System, No Zero Thermal  
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6. OVERALL COMPARISON AND RESULTS 
6.1. EXPERIMENTAL  
This subsection compares the experimental results for the first data set, which was 
from May 21, 2014 to June 13, 2014 and at a flowrate of 0.1026 kg/s, and the second data 
set, which was from July 25, 2014 to September 13, 2014 at a flowrate of 0.0867 kg/s.  A 
summary for the experimental data for the electrical, thermal and combined outputs and 
efficiencies during Data Set #1 and Data Set #2 can be found Table  6.1.  All of the 
outputs and efficiencies generated for the combined data were calculated based on the 
trendline equations and not the summation of electrical and thermal results.  
Figure  6.1 shows the trendlines for the thermal and electrical outputs for the 
photovoltaic (PV) panels and the photovoltaic-thermal (PVT) panels during Data Set #1 
(DS#1) and Data Set #2 (DS #2).  The electrical data for both PV and PVT panels during 
the experimental testing formed non-linear lines.  The trendlines used to simulate the 
electrical outputs were second-order polynomial lines.  The PV panels performed slightly 
better than the PVT panels during both Data Set #1 and Data Set #2.  The electrical 
outputs at 1,000 W/m2 irradiance for the PV and PVT panels during DS #1 were 230.3 
and 213.6 watts (7.3% decrease), respectively.  For DS #2 the PV and PVT panel 
electrical outputs were 236.6 and 220.5 watts (6.8% decrease), respectively.   
The thermal and combined outputs can also be found in Figure  6.1.  The thermal 
and combined data points formed mostly linear lines, so the information was summarized 
using linear trendlines.  The thermal output of DS#1 was higher than the thermal output 
during DS#2.  As a result the combined output for DS#1 was also higher than that of 
DS#2.  The thermal output at 1,000 W/m2 irradiance of DS#1 and DS#2 was 650.8 and 
372.4 watts (42.8% decrease), respectively.  The combined electrical and thermal outputs 
at 1,000 W/m2 irradiance for DS#1 and DS#2 were 790.3 and 534.8 watts (32.3% 
decrease), respectively.  Based on the results during the Previous Research the higher 





Table  6.1. Experiential Summary of Results for DS#1 & DS#2  
Parameters DS#1 DS#2 
Electrical PV 
Output (W) 230.3 236.6 
Efficiency 3.5% 5.6% 
Electrical PVT 
Output (W) 213.6 220.5 
Efficiency 3.4% 5.4% 
Thermal PVT 
Output (W) 650.8 372.4 
Efficiency 20.9% 11.6% 
Combined PVT 
Output (W) 790.3 534.8 




Figure  6.1. Thermal & Electrical Output Summary for DS#1 & DS#2 
 
 
Figure  6.2 shows the trendlines for the thermal, electrical and combined 
efficiencies for the photovoltaic (PV) panels and the photovoltaic-thermal (PVT) panels 
during Data Set #1 (DS#1) and Data Set #2 (DS #2).  The electrical data for both PV and 
PVT panels during the experimental testing formed non-linear lines.  There is very little 
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difference between the efficiencies of the PV and PVT panels during the first data set.  
The same was also true during the second data set.  However, the electrical efficiency 
was slightly higher for DS#2 than DS#1.  Linear trendlines were used for all of the 
different efficiencies.  The electrical efficiency at zero on the x-axis, which meant the 
inlet and ambient air temperatures were equal,  for the PV and PVT panels during DS #1 
were 3.5% and 3.4% (2.9% decrease), respectively.  For DS #2 the PV and PVT panel 
electrical outputs were 5.6% and 5.4% (3.6% decrease), respectively.   
The thermal and combined outputs can also be found in Figure  6.2.  The thermal 
efficiency of DS#1 was higher than the thermal efficiency during DS#2.  As a result the 
combined efficiency for DS#1 was also higher than that of DS#2.  The thermal efficiency 
at zero on the x-axis for the DS#1 and DS#2 was 20.9% and 11.6% (44.5% decrease), 
respectively.  The combined efficiencies for DS#1 and DS#2 were 24.3% and 17.0% 




Figure  6.2. Thermal & Electrical Efficiency Summary for DS#1 & DS#2  
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With fewer significant figures, the percent error between the graphed curve and 
the trendline equations became substantial.  This was particularly noticeable with the 
non-linear curves.  Table  6.2 lists the trendline equations for the experimental data of the 
electrical, thermal and combined outputs and efficiencies during Data Set #1 and Data Set 
#2.  The trendline equations contain at least twelve significant figures.  The x-value for 
the output equations is the irradiance on the panel and the y-value is in watts.  The x-
value for the efficiency equations is the difference in inlet and ambient air temperatures 




Table  6.2. Trendline Summary for DS#1 & DS#2 
Data Set #1 
E PV 
Output (W) y = 0.000310399102*x^2 - 0.085685421497*x + 5.625694376186 
Efficiency y = -0.267435052729*x + 0.035104796945 
E PVT 
Output (W) y = 0.000264670645*x^2 - 0.053261855301*x + 2.147908904163 
Efficiency y = -0.256615556377*x + 0.034213483762 
T PVT 
Output (W) y = 0.765550549588*x - 114.752211143365 
Efficiency y = -1.347411633376*x + 0.208994704586 
C PVT 
Output (W) y = 0.884969587407*x - 94.715173936614 
Efficiency y = -1.604027189753*x + 0.243208188348 
Data Set #2 
E PV 
Output (W) y = 0.000364259297*x^2 - 0.141163604969*x + 13.538751139095 
Efficiency y = -0.668514259995*x + 0.055719664643 
E PVT 
Output (W) y = 0.000306269337*x^2 - 0.092817179045*x + 7.003715585780 
Efficiency y = -0.635025982202*x + 0.053956027812 
T PVT 
Output (W) y = 0.546715078682*x - 174.355279036737 
Efficiency y = -1.348779035694*x + 0.116391203125 
C PVT 
Output (W) y = 0.674137225497*x - 139.309565601458 





6.2. DATA SET #2, EXPERIMENTAL AND MODELS 
This subsection compares the results for the experimental, MATLAB model, and 
TRNSYS models during the second data set, which was from July 25, 2014 to September 
13, 2014 at a flowrate of 0.0867 kg/s.  A summary for the experimental and modelling 
data for the electrical, thermal and combined outputs and efficiencies during Data Set #2 
can be found Table  6.3.  All of the outputs and efficiencies generated for the combined 
data were calculated based on the trendline equations and not the summation of electrical 
and thermal results.  To help obtain combined values for the MATLAB model, the 
experimental electrical results were also used for the MATLAB.   
Figure  6.3 shows the trendlines for the thermal, electrical and combined outputs 
for experimental and models.  The electrical outputs for the experimental results, which 
also included the MATLAB electrical, were non-linear and used a second-order 
polynomial line as a trendline.  The electrical data for the TRNSYS models formed linear 
trendlines.  The experimental data was higher than the TRNSYS models at higher 
irradiance levels (above 800 W/m2), but was slower to respond, or start to produce power, 
at lower irradiance levels (under 200 W/m2).  The Type 250 TRNSYS model simulated 
the lowest level of electrical output, and under estimated the experimental results from 
approximately 500 W/m2 and above.  The Type 560 TRNSYS model simulated the 
second to lowest electrical output level, and under estimated the experimental results 
from approximately 600 W/m2 and above.  The Type 50d TRNSYS model simulated the 
highest electrical output, and only under estimated the experimental results from 
approximately 800 W/m2 and above.  At 1000 W/m2, the electrical output for the 
experimental data was 220.5 watts; whereas the results for the Type 50d, 250 and 560 
were 167.1, 59.2, 127.1 watts, respectively.  The percent errors at 1,000 W/m2 for the 
Type 50d, 250 and 560 were 24.2%, 73.2% and 42.4%, respectively.   
The thermal and combined outputs can also be found in Figure  6.3.  The thermal 
and combined data points formed mostly linear lines, so the information was summarized 
using linear trendlines.  The thermal output, as with the electrical outputs, for the 
experimental data was slower to respond at lower levels of irradiance (approximately 320 
W/m2) compared to the TRNSYS models.  The TRNSYS models started producing 
thermal power at approximately 150 W/m2.  The Type 560 under estimated the 
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experimental results from approximately 520 W/m2 and above irradiance.  The Type 50d 
and 250 produced almost identical thermal outputs, and only under estimated the thermal 
output of the experimental results from approximately 880 W/m2 and above irradiance.  
At 1,000 W/m2, the thermal output for the experimental data was 372.4 watts; whereas 
the results for the Type 50d, 250 and 560 were 358.3, 359.8, and 246.4 watts, 
respectively.  The percent errors at 1,000 W/m2 for the Type 50d, 250 and 560 were 
3.8%, 3.4% and 33.8%, respectively.   
The thermal output, as with the electrical and thermal outputs, for the 
experimental data was slower to respond at lower levels of irradiance (approximately 290 
W/m2) compared to the TRNSYS models.  The Type 50d under estimated the 
experimental results from approximately 800 W/m2 and above irradiance.  The Type 250 
under estimated the experimental results from approximately 540 W/m2 and above 
irradiance.  The Type 560 under estimated the experimental results from approximately 
440 W/m2 and above irradiance.  At 1,000 W/m2, the combined output for the 
experimental data was 534.8 watts; whereas the results for the Type 50d, 250 and 560 
were 525.3, 419.1, and 373.5 watts, respectively.  The percent errors at 1,000 W/m2 for 




Table  6.3. Experimental & Model Summary of Results for Data Set #2 
Parameters Electrical Thermal Combined 
Experimental 
Output (W) 220.5 372.4 534.8 
Efficiency 5.4% 11.6% 17.0% 
MATLAB 
Output (W) 220.5* 590.6 811.1* 
Efficiency - - - 
Type 50 
Output (W) 165.0 358.2 523.2 
Efficiency 5.8% 9.8% 15.5% 
Type 250 
Output (W) 61.3 359.7 420.9 
Efficiency 2.6% 9.8% 12.3% 
Type 560 
Output (W) 123.5 246.8 370.3 




Figure  6.3. Thermal & Electrical Output Summary for DS#2 Including Models 
 
 
Figure  6.4 shows the trendlines for the thermal, electrical and combined 
efficiencies for the experimental and models during the second data set.  Linear trendlines 
were used for all of the different efficiencies.  The electrical efficiency at zero on the x-
axis, which meant the inlet and ambient air temperatures were equal, for the experimental 
results was 5.4%.  The electrical efficiency at zero on the x-axis for the TRNSYS Type 
50d, 250, and 560 were 5.8%, 2.6%, and 4.4%, respectively.  The percent errors at zero 
on the x-axis for the TRNSYS Type 50d, 250, and 560 were -7.4%, 51.9%, and 18.5%, 
respectively.   
The thermal efficiency at zero on the x-axis, which meant the inlet and ambient 
air temperatures were equal, for the experimental results was 11.6%.  The thermal 
efficiency at zero on the x-axis for the TRNSYS Type 50d, 250, and 560 were 9.8%, 
9.8% and 7.4%, respectively.  The thermal efficiency percent errors at zero on the x-axis 
for the TRNSYS Type 50d, 250, and 560 were 15.5%, 15.5%, and 36.2%, respectively.  
The combined efficiency at zero on the x-axis, which meant the inlet and ambient air 
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temperatures were equal, for the experimental results was 17.0%.  The combined 
efficiency at zero on the x-axis for the TRNSYS Type 50d, 250, and 560 were 15.5%, 
12.3%, and 11.3%, respectively.  The combined efficiency percent errors at zero on the x-
axis for the TRNSYS Type 50d, 250, and 560 were 8.8%, 27.6%, and 33.5%, 




Figure  6.4. Thermal & Electrical Efficiency Summary for DS#2 Including Models 
 
 
With fewer significant figures, the percent error between the graphed curve and 
the trendline equations became substantial.  This was particularly noticeable with the 
non-linear curves.  Table  6.4 lists the trendline equations for the experimental data of the 
electrical, thermal and combined outputs and efficiencies of the experimental, MATLAB 
model, and TRNSYS models.  The trendline equations contain at least twelve significant 
figures.  The x-value for the output equations is the irradiance on the panel and the y-
value is in watts.  The x-value for the efficiency equations is the difference in inlet and 
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ambient air temperatures divided by the irradiance on the panel.  Multiply the equation 
results to obtain the efficiency percentage. 
 
 
Table  6.4. Trendline Summary of Experimental & Model Results for DS#2 
Electrical 
Experimental 
Output (W) y = 0.000306269337*x^2 - 0.092817179045*x + 7.003715585780 
Efficiency y = -0.635025982202*x + 0.053956027812 
MATLAB* 
Output (W) y = 0.000306269337*x^2 - 0.092817179045*x + 7.003715585780 
Efficiency - 
Type 50 
Output (W) y = 0.000085171347*x^2 + 0.080822939871*x - 1.028977331597 
Efficiency y = -0.391391442472*x + 0.058402315403 
Type 250 
Output (W) y = -0.000033229950*x^2 + 0.095433494904*x - 0.924257819093 
Efficiency y = 0.003120737558*x + 0.025936402145 
Type 560 
Output (W) y = 0.000099175088*x^2 + 0.024610027647*x - 0.295721689572 
Efficiency y = -0.370413719747*x + 0.043744668307 
Thermal 
Experimental 
Output (W) y = 0.546715078682*x - 174.355279036737 
Efficiency y = -1.348779035694*x + 0.116391203125 
MATLAB 
Output (W) y = 0.000001298388*x^3 - 0.000841423160*x^2  
+ 0.136966343314*x - 3.307112620192 
Efficiency - 
Type 50 
Output (W) y = 0.000069475448*x^2 + 0.311021291743*x - 22.279815014861 
Efficiency y = -1.305287466988*x + 0.097824078381 
Type 250 
Output (W) y = 0.000070162851*x^2 + 0.311795373480*x - 22.295191150811 
Efficiency y = -1.306709308039*x + 0.098191484167 
Type 560 
Output (W) y = -0.000030929633*x^2 + 0.335255091029*x - 57.494919013315 
Efficiency y = -2.514052511189*x + 0.074362144475 
Combined 
Experimental 
Output (W) y = 0.674137225497*x - 139.309565601458 
Efficiency y = -1.983805017896*x + 0.170347230937 
MATLAB* 




Output (W) y = 0.000154646795x^2 + 0.391844231615x - 23.308792346459 
Efficiency y = -1.281812100488*x + 0.154793684909 
Type 250 
Output (W) y = 0.000036932901*x^2 + 0.407228868384*x - 23.219448969905 
Efficiency y = -0.890502431745*x + 0.122700033299 
Type 560 
Output (W) y = 0.000068245455*x^2 + 0.359865118676*x - 57.790640702886 
Efficiency y = -1.072573310822*x + 0.113096384568 
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6.3. AUGUST 25, 2014, EXPERIMENTAL AND MODELS 
This subsection compares the results for the experimental, MATLAB model, and 
TRNSYS models on August 25, 2014 at a flowrate of 0.0867 kg/s.  A summary for the 
experimental and modelling data for the electrical, thermal and combined outputs and 
efficiencies on August 25, 2014 can be found Table  6.5.  All of the outputs and 
efficiencies generated for the combined data were calculated based on the trendline 
equations and not the summation of electrical and thermal results.  To help obtain 
combined values for the MATLAB model, the experimental electrical results were also 
used for the MATLAB.   
Figure  6.5 shows the trendlines for the thermal, electrical and combined outputs 
for experimental and models.  The electrical, thermal and combined output trendlines on 
August 25, 2014 all followed a linear pattern.  The experimental data was higher than the 
TRNSYS models at higher irradiance levels (above 760 W/m2), but was slower to 
respond, or start to produce power, at lower irradiance levels (under 460 W/m2).  The 
Type 50d TRNSYS model simulated the highest electrical output, and only under 
estimated the experimental results from approximately 770 W/m2 and above.  The Type 
250 TRNSYS model simulated the lowest level of electrical output, and under estimated 
the experimental results from approximately 560 W/m2 and above.  The Type 560 
TRNSYS model simulated the second to lowest electrical output level, and under 
estimated the experimental results from approximately 620 W/m2 and above.  At 1,000 
W/m2, the electrical output for the experimental data was 214.8 watts; whereas the results 
for the Type 50d, 250 and 560 were 172.4, 59.5, and 123.0 watts, respectively.  The 
percent errors at 1,000 W/m2 for the Type 50d, 250 and 560 were 19.7%, 72.3%, and 
42.7%, respectively.   
The thermal and combined outputs can also be found in Figure  6.5.  The thermal 
output, as with the electrical outputs, for the experimental data was slower to respond at 
lower levels of irradiance (approximately 600 W/m2 and below) compared to the 
TRNSYS models, which started producing around 150 W/m2.  One possible cause for the 
very large delay in the start of thermal produce was the method the data collect.  August 
25, 2015 was a very sunny and even by the daily start time, which was minus three hours 
solar noon, the sun was already complete on the PVT panels.  As a result very little to no 
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‘low irradiance’ data was collected thereby skewing the trendline.  The TRNSYS models 
started producing thermal power at approximately 140 W/m2.  The Type 50d and 250 
produced almost identical thermal outputs, and only under estimated the thermal output 
of the experimental results from approximately 800 W/m2 and above irradiance.  The 
Type 560 under estimated the experimental results from approximately 720 W/m2 and 
above irradiance.  At 1,000 W/m2, the thermal output for the experimental data was 385.5 
watts; whereas the results for the Type 50d, 250 and 560 were 354.8, 367.8, and 231.3 
watts, respectively.  The percent errors at 1000 W/m2 for the Type 50d, 250 and 560 were 
5.4%, 4.6%, and 40.0%, respectively.   
The thermal output, as with the electrical and thermal outputs, for the 
experimental data was slower to respond at lower levels of irradiance (approximately 580 
W/m2 and below) compared to the TRNSYS models.  The Type 50d under estimated the 
experimental results from approximately 810 W/m2 and above irradiance.  The Type 250 
under estimated the experimental results from approximately 740 W/m2 and above 
irradiance.  The Type 560 under estimated the experimental results from approximately 
690 W/m2 and above irradiance.  At 1,000 W/m2, the combined output for the 
experimental data was 600.3 watts; whereas the results for the Type 50d, 250 and 560 
were 537.2, 367.8, and 354.4 watts, respectively.  The percent errors at 1,000 W/m2 for 
the Type 50d, 250 and 560 were 10.5%, 38.7%, and 41.0%, respectively.   
 
 
Table  6.5. Experimental & Model Summary of Results for August 25, 2014 
Parameters Electrical Thermal Combined 
Experimental 
Output (W) 214.8 385.5 600.3 
Efficiency 8.5% 16.6% 25.2% 
MATLAB 
Output (W) 214.8* 557.1 771.9* 
Efficiency - - - 
Type 50 
Output (W) 172.4 364.8 537.2 
Efficiency 7.1% 11.1% 18.2% 
Type 250 
Output (W) 59.5 367.8 367.8 
Efficiency 2.4% 11.2% 13.7% 
Type 560 
Output (W) 123.0 231.3 354.4 
Efficiency 5.0% 7.2% 12.2% 
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Figure  6.5. Thermal & Electrical Output Summary for August 25, 2014 
 
 
Figure  6.6 shows the trendlines for the thermal, electrical and combined 
efficiencies for the experimental and models on August 25, 2014.  Linear trendlines were 
used for all of the different efficiencies.  Overall the experimental efficiency trendlines 
had a more drastic slope than the TRNSYS models.  The electrical efficiency at zero on 
the x-axis, which meant the inlet and ambient air temperatures were equal, for the 
experimental results was 8.5%.  The electrical efficiency at zero on the x-axis for the 
TRNSYS Type 50d, 250, and 560 were 7.1%, 2.4%, and 5.0%, respectively.  The percent 
errors at zero on the x-axis for the TRNSYS Type 50d, 250, and 560 were -16.5%, 
71.8%, and 41.2%, respectively.   
The thermal efficiency at zero on the x-axis, which meant the inlet and ambient 
air temperatures were equal, for the experimental results was 16.6%.  The thermal 
efficiency at zero on the x-axis for the TRNSYS Type 50d, 250, and 560 were 11.1%, 
11.2%, and 7.2%, respectively.  The thermal efficiency percent errors at zero on the x-
axis for the TRNSYS Type 50d, 250, and 560 were 33.1%, 32.5%, and 56.6%, 
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respectively.  The combined efficiency at zero on the x-axis, which meant the inlet and 
ambient air temperatures were equal, for the experimental results was 25.2%.  The 
combined efficiency at zero on the x-axis for the TRNSYS Type 50d, 250, and 560 were 
18.2%, 13.7%, and 12.2%, respectively.  The combined efficiency percent errors at zero 
on the x-axis for the TRNSYS Type 50d, 250, and 560 were 27.8, 45.6, and 51.6%, 
respectively.   
 
 
Figure  6.6. Thermal & Electrical Efficiency Summary for August 25, 2014 
 
 
With fewer significant figures, the percent error between the graphed curve and 
the trendline equations became substantial.  This was particularly noticeable with the 
non-linear curves.  Table  6.6 lists the trendline equations for the experimental data of the 
electrical, thermal and combined outputs and efficiencies of the experimental, MATLAB 
model, and TRNSYS models for data on August 25, 2015.  The trendline equations 
contain at least twelve significant figures.  The x-value for the output equations is the 
irradiance on the panel and the y-value is in watts.  The x-value for the efficiency 
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equations is the difference in inlet and ambient air temperatures divided by the irradiance 




Table  6.6. Trendline Summary of Experimental & Model Results for August 25, 2014 
Electrical 
Experimental 
Output (W) y = 0.406921982655*x - 192.114248302506 
Efficiency y = -15.056670068891*x + 0.085332336316 
MATLAB* 
Output (W) y = 0.406921982655*x - 192.114248302506 
Efficiency - 
Type 50 
Output (W) y = 0.223070918591*x - 50.623522753969 
Efficiency y = -0.456020693456*x + 0.071007885005 
Type 250 
Output (W) y = 0.045278395541*x + 14.218287257680 
Efficiency y = 0.507290771838*x + 0.024466173846 
Type 560 
Output (W) y = 0.170106063430*x - 47.065822872287 
Efficiency y = 0.026385462787*x + 0.050026349772 
Thermal 
Experimental 
Output (W) y = 0.447457584526*x - 61.984058084998 
Efficiency y = -15.286945316072*x + 0.166369376606 
MATLAB 
Output (W) y = 1.423305731631*x - 866.233992124070 
Efficiency - 
Type 50 
Output (W) y = 0.428393205308*x - 63.599296712480 
Efficiency y = -1.102603950719*x + 0.111326285970 
Type 250 
Output (W) y = 0.432448489458*x - 64.658793914133 
Efficiency y = -0.973526269285*x + 0.112069135533 
Type 560 
Output (W) y = 0.267754411116*x - 36.434664207922 
Efficiency y = -1.902850096440*x + 0.072035315901 
Combined 
Experimental 
Output (W) y = 0.854379567181*x - 254.098306387514 
Efficiency y = -30.343615384963*x + 0.251701712922 
MATLAB* 
Output (W) y = 1.830227714287*x - 1,058.348240426570 
Efficiency - 
Type 50 
Output (W) y = 0.651464123899*x - 114.222819466440 
Efficiency y = -1.558624644175*x + 0.182334170975 
Type 250 
Output (W) y = 0.477726884999*x - 50.440506656447 
Efficiency y = -0.466235497447*x + 0.136535309379 
Type 560 
Output (W) y = 0.437860474546*x - 83.500487080221 
Efficiency y = -1.876464633653*x + 0.122061665673 
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6.4. TMY2 FILE, SIMPLE CONFIGURATION 
This subsection compares the results for the TRNSYS models Type 50d, 250 and 
560 PVT panels with the TMY2 weather file.  The data is considered year-round with no 
specific data removed and the pump was consistent at a flowrate of 0.0867 kg/s.  This 
style of configuration was simple because it did not require any pump, tank, inverter, 
and/or battery components.  A summary for the modelling data for the electrical, thermal 
and combined outputs and efficiencies can be found in Table  6.7.  All of the outputs and 
efficiencies generated for the combined data were calculated based on the trendline 
equations and not the summation of electrical and thermal results.   
Figure  6.7 shows the trendlines for the thermal, electrical and combined outputs 
for each of the different TRNSYS models.  The starting of the electrical output for each 
model was very consistent, unlike the previous comparisons with the experimental data, 
and started around 20 W/m2.  The electrical outputs at 1,000 W/m2 for the TRNSYS Type 
50d, 250 and 560 models were 159.3, 80.8, and 112.9 watts, respectively.   
The thermal and combined outputs can also be found in Figure  6.7.  The models 
started producing thermal power at approximately 100 W/m2.  In the previous 
comparison of the TRNSYS models, which used the user-defined weather data, the 
thermal output for the Type 50d and 250 were nearly identical.  However, with the 
TMY2 there was a noticeable difference in there outputs.  The thermal outputs at 1000 
W/m2 for the TRNSYS Type 50d, 250 and 560 models were 353.6, 374.7, and 298.6 
watts, respectively.  The starting irradiance for the combined output trendlines were 
around 60 W/m2.  The combined outputs at 1,000 W/m2 for the TRNSYS Type 50d, 250 
and 560 models were 512.8, 455.4, and 411.5 watts, respectively.   
 
 
Table  6.7. TRNSYS Model Summary for the Simple Configuration Using TMY2 File 
Parameters Electrical Thermal Combined 
Type 50 
Output (W) 171.2 401.4 572.7 
Efficiency 2.1% 6.0% 8.1% 
Type 250 
Output (W) 77.9 398.9 476.8 
Efficiency 1.6% 6.0% 7.6% 
Type 560 
Output (W) 134.8 279.9 414.5 
Efficiency 1.4% 4.8% 6.2% 
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Figure  6.7. Thermal & Electrical Output Summary for TMY2 File, Simple 
 
 
Figure  6.8 shows the trendlines for the thermal, electrical and combined 
efficiencies for the TRNSYS models using TMY2 file and the simple configuration.  
Linear trendlines were used for all of the different efficiencies.  The electrical efficiency 
at zero on the x-axis, which meant the inlet and ambient air temperatures were equal, for 
the TRNSYS Type 50d, 250, and 560 were 2.1%, 1.6%, and 1.4%, respectively.  The 
thermal efficiency at zero on the x-axis for the TRNSYS Type 50d, 250, and 560 were 
6.0%, 6.0%, and 4.8%, respectively.  The combined efficiency at zero on the x-axis for 
the TRNSYS Type 50d, 250, and 560 were 8.1%, 7.6%, and 6.2%, respectively.  The 
efficiencies using the year-round TMY2 file was considerably lower than any 





Figure  6.8. Thermal & Electrical Efficiency Summary for TMY2 File, Simple 
 
 
With fewer significant figures, the percent error between the graphed curve and 
the trendline equations became substantial.  This was particularly noticeable with the 
non-linear curves.  Table  6.8 lists the trendline equations for the experimental data of the 
electrical, thermal and combined outputs and efficiencies of the TRNSYS Type 50d, 250, 
and models using the TMY2 weather file within the simple model configuration.  The 
trendline equations contain at least twelve significant figures.  The x-value for the output 
equations is the irradiance on the panel and the y-value is in watts.  The x-value for the 
efficiency equations is the difference in inlet and ambient air temperatures divided by the 






Table  6.8. Trendline Summary of TRNSYS Model Results Using 
the TMY2 Weather File & Simple Model Configuration 
Electrical 
Type 50 
Output (W) y = 0.000114649179*x2 + 0.056833292170*x - 0.240179133890 
Efficiency y = 0.000325424770*x + 0.021028612768 
Type 250 
Output (W) y = -0.000015096641*x2 + 0.093602359870*x - 0.634964352829 
Efficiency y = 0.001882570578*x + 0.015564788776 
Type 560 
Output (W) y = 0.000114541509*x2 + 0.020346608724*x - 0.100783307789 
Efficiency y = -0.000803163932*x + 0.013968155962 
Thermal 
Type 50 
Output (W) y = 0.000128086357*x2 + 0.293752079338*x - 20.424732225821 
Efficiency y = -0.135497525096*x + 0.060445797862 
Type 250 
Output (W) y = 0.000126550724*x2 + 0.292772113126*x - 20.435566996099 
Efficiency y = -0.135459510674*x + 0.060208220570 
Type 560 
Output (W) y = -0.000098802874*x2 + 0.424921823971*x - 46.436078543982 
Efficiency y = -0.098319877305*x + 0.047609000212 
Combined 
Type 50 
Output (W) y = 0.000242735536*x2 + 0.350585371509*x - 20.664911359709 
Efficiency y = -0.135172100326*x + 0.081474410630 
Type 250 
Output (W) y = 0.000111454083*x2 + 0.386374472996*x - 21.070531348930 
Efficiency y = -0.133576940096*x + 0.075773009346 
Type 560 
Output (W) y = 0.000015738635*x2 + 0.445268432695*x - 46.536861851772 
Efficiency y = -0.099123041237*x + 0.061577156174 
 
 
6.5. TMY2 FILE, SYSTEM CONFIGURATION 
This subsection compares the results for the TRNSYS models Type 50d, 250 and 
560 PVT panels with the TMY2 weather file in a complex system configuration.  The 
data is considered year-round with no specific data removed.  This style of configuration 
was considered complex because it utilized a storage tank, pump controller, pump, 
mixing valve, inverter/battery controller, and batteries.  The pump controller was used to 
minimize the energy required to operate the thermal system, so the flowrate was not 
constant and the pump was only turned on when the tank temperature was below the PVT 
panel outlet temperature.  As a result, the pump did not run during much of the simulation 
time, so a large portion of the thermal efficiencies were unreliable.  A summary for the 
modelling data for the electrical, thermal and combined outputs can be found in 
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Table  6.9.  To help gain a better understanding the system’s potential outputs and 
efficiencies, Table  6.11 shows the results of the same system, but all of the zero thermal 
outputs were removed.  All of the outputs and efficiencies generated for the combined 
data were calculated based on the trendline equations and not the summation of electrical 
and thermal results.   
 
 
Table  6.9. TRNSYS Model Summary of Outputs Using Complex System Configuration 
Parameters Electrical Thermal Combined 
Type 50 Output (W) 89.9 110.6 200.5 
Type 250 Output (W) 59.3 110.2 169.5 





Figure  6.9. Thermal & Electrical Output Summary for TMY2 File, System 
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Figure  6.9 shows the trendlines for the thermal, electrical and combined outputs 
for each of the different TRNSYS models.  The starting of the electrical output for each 
model was very consistent, and started around 10 W/m2.  The electrical outputs at 1,000 
W/m2 for the TRNSYS Type 50d, 250 and 560 models were 83.2, 60.0, and 106.9 watts, 
respectively.  The thermal and combined outputs can also be found in Figure  6.9.  The 
models started producing thermal power at approximately 40 W/m2.  The thermal outputs 
at 1,000 W/m2 for the TRNSYS Type 50d, 250 and 560 models were 99.9, 99.4, and 
124.2 watts, respectively.  The starting irradiance for the combined output trendlines 
were around 30 W/m2.  The combined outputs at 1,000 W/m2 for the TRNSYS Type 50d, 
250 and 560 models were 183.1, 159.4, and 231.1 watts, respectively.   
With fewer significant figures, the percent error between the graphed curve and 
the trendline equations became substantial.  This was particularly noticeable with the 
non-linear curves.  Table  6.10 lists the trendline equations for the experimental data of 
the electrical, thermal and combined outputs and efficiencies of the TRNSYS Type 50d, 
250, and models using the TMY2 weather file within the complex model configuration.  
The trendline equations contain at least twelve significant figures.  The x-value for the 
output equations is the irradiance on the panel and the y-value is in watts.  The x-value 
for the efficiency equations is the difference in inlet and ambient air temperatures divided 













Table  6.10. Trendline Summary of TRNSYS Model Results Using 
the TMY2 Weather File & Complex Model Configuration 
Electrical 
Type 50 Output (W) y = 0.000035105523*x2 + 0.054982098074*x - 0.188309337461 
Type 250 Output (W) y = -0.000003560706*x2 + 0.063058021442*x - 0.166622312693 
Type 560 Output (W) y = 0.000102484345*x2 + 0.024214853270*x - 0.177199148778 
Thermal 
Type 50 Output (W) y = 0.000055869267*x2 + 0.055876208910*x - 1.118600597056 
Type 250 Output (W) y = 0.000056377130*x2 + 0.054888694230*x - 1.091420070033 
Type 560 Output (W) y = 0.000061870908*x2 + 0.076066665409*x - 1.883379497196 
Combined 
Type 50 Output (W) y = 0.000090974790*x2 + 0.110858306984*x - 1.306909934515 
Type 250 Output (W) y = 0.000052816424*x2 + 0.117946715672*x - 1.258042382727 
Type 560 Output (W) y = 0.000164355253*x2 + 0.100281518680*x - 2.060578645974 
 
 
The remaining portion of this subsection compares the results for the TRNSYS 
models Type 50d, 250 and 560 PVT panels with the TMY2 weather file in a complex 
system configuration with no zero thermal outputs.  A summary for the modelling data 
for the electrical, thermal and combined outputs and efficiencies can be found in 
Table  6.11.  All of the outputs and efficiencies generated for the combined data were 
calculated based on the trendline equations and not the summation of electrical and 
thermal results. 
Figure  6.10 shows the trendlines for the thermal, electrical and combined outputs 
for each of the different TRNSYS models.  The starting of the electrical output for each 
model was less consistent than the previous TRNSYS models.  The electrical production 
for the Type 50d, 250, and 560 models started at approximately 10, 80, and 240 W/m2, 
respectively.  The electrical outputs at 1,000 W/m2 for the TRNSYS Type 50d, 250 and 
560 models were 87.1, 59.9, and 125.3 watts, respectively.   
The thermal and combined outputs can also be found in Figure  6.10.  The models 
started producing thermal power at approximately 80 W/m2.  The thermal outputs at 
1,000 W/m2 for the TRNSYS Type 50d, 250 and 560 models were 209.1, 207.8, and 
262.6 watts, respectively.  The combined power production for the Type 50d, 250, and 
560 models started at approximately 80, 60, and 160 W/m2, respectively.  The combined 
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outputs at 1,000 W/m2 for the TRNSYS Type 50d, 250 and 560 models were 296.2, 




Table  6.11. TRNSYS Model Summary of Results Using 
Complex System Configuration with No Zero Thermal Outptus 
Parameters Electrical Thermal Combined 
Type 50 
Output (W) 89.4 214.5 303.9 
Efficiency 3.2% 6.1% 9.2% 
Type 250 
Output (W) 59.2 213.3 272.5 
Efficiency 2.4% 6.0% 8.5% 
Type 560 
Output (W) 130.8 260.6 391.4 





Figure  6.10. Thermal & Electrical Output Summary for TMY2, System with No Zeros 
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Figure  6.11 shows the trendlines for the thermal, electrical and combined 
efficiencies for the TRNSYS models using TMY2 file within the complex configuration, 
which have had all of the zero thermal outputs removed.  Linear trendlines were used for 
all of the different efficiencies.  The electrical efficiency at zero on the x-axis, which 
meant the inlet and ambient air temperatures were equal, for the TRNSYS Type 50d, 250, 
and 560 were 3.2%, 2.4%, and 3.8%, respectively.  The thermal efficiency at zero on the 
x-axis for the TRNSYS Type 50d, 250, and 560 were 6.1%, 6.0%, and 7.3%, 
respectively.  The combined efficiency at zero on the x-axis for the TRNSYS Type 50d, 
250, and 560 were 9.2%, 8.5%, and 11.1%, respectively.  The efficiencies using the year-
round complex configuration, which had all of the zero thermal outputs removed, was 
considerably higher than the previous model that did not have any data removed.  The 
efficiencies of this model were slightly higher than the experimental data efficiencies for 




Figure  6.11. Thermal & Electrical Efficiency Summary for TMY2, System with No Zeros 
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With fewer significant figures, the percent error between the graphed curve and 
the trendline equations became substantial.  This was particularly noticeable with the 
non-linear curves.  Table  6.12 lists the trendline equations for the experimental data of 
the electrical, thermal and combined outputs and efficiencies of the TRNSYS Type 50d, 
250, and models using the TMY2 weather file within the complex model configuration 
with all of the zero thermal outputs removed.  The trendline equations contain at least 
twelve significant figures.  The x-value for the output equations is the irradiance on the 
panel and the y-value is in watts.  The x-value for the efficiency equations is the 
difference in inlet and ambient air temperatures divided by the irradiance on the panel.  
Multiply the equation results to obtain the efficiency percentage. 
 
 
Table  6.12. Trendline Summary of TRNSYS Model Results Using the TMY2 Weather 
File & Complex Model Configuration with No Zero Thermal Outputs 
Electrical 
Type 50 
Output (W) y = 0.000030516569*x2 + 0.060440128690*x - 1.556365521659 
Efficiency y = -0.004584239768*x + 0.031776218901 
Type 250 
Output (W) y = -0.000009202837*x2 + 0.071205867980*x - 2.763495072961 
Efficiency y = 0.115899000575*x + 0.024302164150 
Type 560 
Output (W) y = 0.000097232050*x2 + 0.038390813306*x - 4.802700716969 
Efficiency y = -0.013699464719*x + 0.038411144071 
Thermal 
Type 50 
Output (W) y = 0.000071483630*x2 + 0.137292976828*x + 5.739487122188 
Efficiency y = -0.898298925737*x + 0.060604470901 
Type 250 
Output (W) y = 0.000072187369*x2 + 0.134701402962*x + 6.382715640519 
Efficiency y = -0.906773616325*x + 0.060466846143 
Type 560 
Output (W) y = -0.000035328420*x2 + 0.340628057451*x - 44.729153854266 
Efficiency y = -0.544155118299*x + 0.072582036014 
Combined 
Type 50 
Output (W) y = 0.000102000199*x2 + 0.197733105517*x + 4.183121600536 
Efficiency y = -0.902883165505*x + 0.092380689803 
Type 250 
Output (W) y = 0.000062984532*x2 + 0.205907270941*x + 3.619220567581 
Efficiency y = -0.790874615750*x + 0.084769010293 
Type 560 
Output (W) y = 0.000061903630*x2 + 0.379018870757*x - 49.531854571242 
Efficiency y = -0.557854583017*x + 0.110993180084 
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7. FINAL OBSERVATIONS 
7.1. CONCLUSIONS 
The research consisted of a review of previous research completed, modification 
to existing PVT panel design, experimentation of PVT and PV panels, development of 
MATLAB model, calibration of PVT panel properties, creation of simple TRNSYS 
models using available PVT components and recorded weather data, adjustment of 
simple TRNSYS models to use TMY2 weather files, and construction of complex 
TRNSYS system models.  The extensive weather data collected from approximately 69 
days during the summer of 2014 at the Missouri University of Science and Technology 
(Missouri S&T) in Rolla, Missouri.  
Previous research on photovoltaic-thermal panels has been conducted at the 
Missouri S&T campus since the early 2,000s.  A general understanding of the PVT panel 
performance and potential problem areas were determined from the review of research 
completed.  The PVT panel used for this research was modified from an existing design.  
The panel had a large temperature gradient across the front of the PV panel, so an 
additional pipe was added to the interior of the thermal panel, which reduced the distance 
the heat had to ‘travel’ within the panel.  The newly redesigned PVT panel was setup 
with an identical PVT panel.  Both panels were connecting thermally in series that obtain 
a higher thermal gain within the outlet fluid.  Two PV panels were also setup and tested 
nearby, so an electrical baseline could be determined.  The PV electrical, PVT electrical, 
PVT thermal and PVT combined (electrical and thermal) efficiencies for the first data set 
were 3.5%, 3.4%, 20.9%, and 24.3%, respectively.  The PV electrical, PVT electrical, 
PVT thermal and PVT combined (electrical and thermal) efficiencies for the second data 
set were 5.6%, 5.4%, 11.6%, and 17.0%, respectively.  
A MATLAB program was developed using existing equations for one-
dimensional, quasi-steady model of a photovoltaic-thermal panel.  The process required 
twenty-one equations and more than four dozen different variables.  The whole process 
took multiple iterations for the starting assumed mean plate temperature and the 
calculated value to converge.  Some of the properties used within the model were 
calculated based on actual experimental results whereas others were approximated from 
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existing research and/or journal papers.  The MATLAB model with the collected 
experimental data was used to calibrate and adjust the PVT panel properties.  The 
MATLAB model was only designed to simulate the thermal gain of the PVT panel and 
not the electrical power.  The MATLAB simulated PVT panel when compared to the 
experimental PVT panel had thermal output percent errors of approximately 8-10% 
before the calibration and less than 1% after the calibration of thermal properties.  
The TRNSYS program was used to simulate the experimental PVT panels using 
existing components, which included the Type 50d, 250 and 560.  The first TRNSYS 
model generated used the TRNSYS PVT component with the experimental weather data 
collected during the second data set.  The system was simple, assumed a consistent 
flowrate, and did not use any other components.  The purpose of the simple configuration 
was to simulate the actual experimental system, so the experimental data could be used as 
a baseline when comparing the results of the models. The electrical, thermal and 
combined efficiencies for the Type 50d using experimental weather were 5.8% (7.4% 
error), 9.8% (15.5% error) and 15.5% (8.8% error), respectively.  The electrical, thermal 
and combined efficiencies for the Type 250 using experimental weather were 2.6% 
(51.9% error), 9.8% (15.5% error), and 12.3% (27.6% error), respectively.  The electrical, 
thermal and combined efficiencies for the Type 560 using experimental weather were 
4.4% (18.5 error), 7.4% (36.2% error), and 11.3% (33.5% error), respectively.  
The second TRNSYS model generated used the TRNSYS PVT component with a 
Typical Meteorological Year, version 2 (TMY2) weather file with consistent flowrate and 
did not use any other components.  The purpose of the simple configuration using the 
TMY2 weather file was to simulate year-round data for the same experimental system 
that was tested only during summer months.  Since the second TRNSYS configuration 
used the TMY2 weather file, there was no experimental data to use as a baseline 
comparison.  The electrical, thermal and combined efficiencies for the Type 50d using 
TMY2 weather were 2.1%, 6.0%, and 8.1%, respectively.  The electrical, thermal and 
combined efficiencies for the Type 250 using TMY2 weather were 1.6%, 6.0%, and 
8.1%, respectively.  The electrical, thermal and combined efficiencies for the Type 560 
using TMY2 weather were 1.4%, 4.8% and 6.2%, respectively. 
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The third TRNSYS model generated used a TRNSYS PVT component, TMY2 
weather file, water tank, mix valve, panel pump, pump controller, inverter/charge 
controller and batteries to simulate a complete PVT system.  The purpose of the complex 
system configuration was to simulate a ‘typical’ configuration used with PVT panels.  
The pump controller regulated the flowrate and would only operate the pump when the 
PVT outlet temperature was lower than the water tank temperature.  As a result the pump 
only operated approximately 17.3% of the time, and most of the data consisted of zero 
thermal output.  Appropriate system efficiencies could not be generated, so the zero 
thermal output data was removed.   
Since the third TRNSYS configuration, like the second configuration, used the 
TMY2 weather file, there was no experimental data to use as a baseline comparison.  The 
electrical, thermal and combined efficiencies for the Type 50d using complex system 
configuration with zero thermal output data removed were 3.2%, 6.1%, and 9.2%, 
respectively.  The electrical, thermal and combined efficiencies for the Type 250 using 
complex system configuration with zero thermal output data removed were 2.4%, 6.0%, 
and 8.5%, respectively.  The electrical, thermal and combined efficiencies for the Type 
560 using complex system configuration with zero thermal output data removed were 
3.8%, 7.3%, and 11.1%, respectively. 
The MATLAB model was time consuming to setup, did not produce the electrical 
outputs, and was not designed to simulate an entire system.  Overall the current PVT 
panel design had fairly low electrical and thermal efficiencies.  The thermal side of the 
TRNSYS Type 50d and 250 PVT panels were essentially equal, but the electrical portion 
of the Type 250 greatly under estimated the experimental PVT panel.  The Type 560 
outputs were less than the outputs from the Type 50d.  As a result, to simulate a 
photovoltaic-thermal panel the Type 50d and 560 TRNSYS components would provide 
an overall possible range for the electrical and thermal outputs.   
7.2. FUTURE WORK 
After the competition of the experimentation and modeling simulations, several 
changes should be made before testing is continued.  The first modification that should be 
made is the optimization the PVT panel design.  The thermal and electrical efficiencies 
for the panel were very low.  Thermally conductive adhesive/grease should be added to 
155 
the back of the PV panel and around each thermal panel pipe, which would help to 
increase the heat transfer through the entire panel.  By decreasing the thermal resistance 
more heat would be removed from the panel, which would increase the electrical 
efficiency.  The second modification that should be made is the optimization of the 
system as a whole.  One way of increasing the system efficiency is by using a fluid that 
has a higher specific heat.  Water has a fairly low thermal conductivity, and some other 
fluid(s) should be identified and tested.  The third aspect of the research that should be 
investigating thermal massing within the physical PVT panel, quantifying the effects of 
thermal massing, and creating an additional equation(s) or modify existing equation(s).  
This research found that the thermal massing effects were significate.  The fourth aspect 
of the research that should be added is the gathering of year-round data of the 
experimental PVT panel.  The PVT panels should be setup within a similar complex and 







































































































































Figure A. 24. Weather Station Data Logger/Transmitter Specifications, Page 2  


















EXPERIMENTAL SETUP PICTURES  





Figure B.1. PVT Panel, Pipe and Fitting Designation 
  
184 








































































Figure B.4. PVT Panel, Detail of C1 
186 
   
 Figure B.5. Grooves in PVT Panel Foam Figure B.6. Gluing of Thermal Sheeting 
 
 
   
 Figure B.7. Spreading of Figure B.8. Overlapping of  
 Construction Adhesive Thermal Sheeting 
187 
   
 Figure B.9. Completed Thermal Panel Figure B.10. Close Up of Thermal Pipe 
 
 
   
 Figure B.11. Thermal Panel Outlet Pipe Figure B.12. Thermal Panel, Center  
 & Thermocouple Placement Thermocouple Locations 
188 
   
 Figure B.13. Completed Thermal Sheeting Figure B.14. Back of Foam 
  With Sensor Wires 
 
   
 Figure B.15. Water Sensors Figure B.16. Water Sensors  
 Without Foam Cover With Foam Cover 
189 
   
 Figure B.17. Water Flow Meter Figure B.18. Pyranometer Connector 
 
 
   
 Figure B.19. Wired Data Logger Figure B.20. PVT & PV Panel 
  During Experimentation 
190 
   
 Figure B.21. Pyranometer on Figure B.22. PV & PVT Panel 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































% PVT Electrical/Thermal Yield and Efficiencies 
% REU code for Nicole Annis's Research 
% Numerical method will produce an approximation for the Thermal Power  
% (generated by PVT Solar panels) from experimental data (based on the 1D 
% numerical method modified by Zonday et al.) Also, it will give the  
% electrical and thermal efficiencies of the PVT array and PV array. 
% 
% Missouri University of Science & Technology 
% This work was funded by the National Science Foundation under 
% award EEC-1157001 
% 
% Brenton T. Hall 
% Brandon M. Beyer 




% In this case, we had two panels of the same size, so we  
% multiplied the area of the panel (AreaP) by 2. However, we divid the 
% area by two when calculating the edge of the panel(Uedge). 
% (2) Beware of the units! SI units apply! 
% 
  
%% Declare variables that are determined by the characteristics of the  
%  solar panel and other constant values. 
  
AreaB = 1.12254;      % Area of Back 
AreaE = 0.17225;      % Area of Edge 
APthick = 0.00203;      % Absorber Plate thickness 
AreaP = 2*1.20;       % Area of PV Panel 
Cp = 4179;          % Specific Heat of Water 
Cangle = 38;        % Collector Angle (degrees) 
diameter = 0.015875;    % Outside Tube Diameter 
EeffSC = 0.14;        % Electrical Efficiency at Standard Conditions 
Eglass = 0.90;        % Emittance of Glass (0.90-0.92 range) 
Elam = 0.85;        % Emittance of PV Laminate 
Htube = 300;        % Tube to Water Heat Transfer Coefficient 
Kabs = 300;         % Absorber Plate Thermal Conductivity (290-350 range) 
Kf = 0.037462;        % Foam Thermal Conductivity  
Klam = 0.36;        % PV Laminate Thermal Conductivity  
Mrate = 0.0867;       % Mass Flow Rate 
N = 1;            % Number of Covers  
PVLthick = 0.004;       % PV Laminate Thickness 
SBC = 5.67 * 10^(-8);     % Stefan-Boltzmann Constant        
TAU = 0.92;         % Transmission of Glass 
TAUalpha = 0.74;      % Transmission-Absorption Factor (may need to change)  
tf = 0.0381;        % Thickness of foam 
Tspace = 0.1778;      % Tube Spacing 
Vfoam = 0.041158;       % Actual Foam Volume 
  
%% Allocate memory for arrays to be plotted or to be exported to an Excel Sheet 
224 
  
% Thermal Power 
  Power = zeros(10000,1); 
  
% Irradiance 
  irradiance = zeros(10000,1); 
   
% PVT Electrical Efficiency   
  Eeff = zeros(10000,1); 
   
% Percent Error 
  err = zeros(10000,1); 
   
% PVT temperature of cell/laminate 
  PVTtcell = zeros(10000,1);   
  
% PVT temperature of absorber plate 
  PVTtplate = zeros(10000,1); 
   
% PVT actual power produced 
  PVTPact = zeros(10000,1);   
  
% PV temperature of cell 
  PVtcell = zeros(10000,1); 
  
% PV Electrical Efficiency   
  PVEeff = zeros(10000,1); 
   
% Kelvin per Watts 
  KpW = zeros(10000,1); 
   
% Thermal Efficiency panel 1 
  THeff1 = zeros(10000,1); 
   
% Thermal Efficiency panel 2 
  THeff2 = zeros(10000,1); 
   
% Thermal Efficiency PVT system 
  THeff = zeros(10000,1); 
   
% TAU effective 
  Teff = zeros(10000,1); 
   
% hca  
  hca = zeros(10000,1); 
   
% TAU1 
  TAU1 = zeros(10000,1); 
   
% Wind Transfer Coefficient 
  Hwater = zeros(10000,1); 
225 
   
% E Equation 
  Eeq = zeros(100000,1); 
   
% C Equation 
  Ceq = zeros(100000,1); 
   
% f Equation 
  feq = zeros(100000,1); 
   
% Top Heat Loss Coefficient 
  Utop = zeros(100000,1); 
   
% M Equation 
  Meq = zeros(100000,1); 
   
% Fin Efficiency Factor 
  FeffF = zeros(100000,1); 
   
% Ft Equation 
  Ft = zeros(100000,1); 
   
% F Prime Heat Removal Factor 
  CeffF = zeros(100000,1); 
   
% Overall Heat Removal Factor 
  removal = zeros(100000,1); 
   
%% Calculate Constant Values that are based on solar panel size 
  % evaluate foam thickness 
    Fthick = (Vfoam / AreaB);  
            
  % back heat loss coefficient 
    Uback = (Kf / Fthick);    
          
  % edge heat loss coefficient 
    Uedge = ((Kf / tf)* AreaE)/(AreaP/2); 
  
%% Import experimental data from Excel worksheet 
  data = xlsread('Code Data'); 
  
%% Use the following 'for' loop to cycle through the data.  
   % Change the number of iterations the 'for' loop will go through, so 
   % that it will correspond with how many data points you have. 
for j=1:973 
    
%% Change data points 
  % Change row/column of data array to match input file 
  % Change values from data array for PVT system 
  current = data(j,23);       % PVT Max Current (Amps) 
  irradiation = data(j,25);     % PVT Irradiation (W/m^2) 
226 
  Tair = data(j,1) + 273.15;    % Ambient Air Temperature (converts from Celsius to Kelvin) 
  Tin = data(j,4) + 273.15;     % First Inlet Fluid Temperature (converts from Celsius to Kelvin) 
  Tmid = data(j,5) + 273.15;    % Mid Inlet Fluid Temperature (converts from Celsius to Kelvin) 
  Tout = data(j,6) + 273.15;    % Outlet Fluid Temperature (converts from Celsius to Kelvin) 
  voltage = data(j,26);       % Max Voltage  (Volts) 
  Wvelocity = data(j,2);      % Wind Velocity  (converts from MPH to m/s) 
    
  % Import data to calculate the initial guess 
  TCA = data(j,7) + 273.15; 
  TCB = data(j,8) + 273.15; 
  TCC = data(j,9) + 273.15; 
  TCD = data(j,10) + 273.15; 
  TCE = data(j,11) + 273.15; 
  TCF = data(j,12) + 273.15; 
  TCG = data(j,13) + 273.15; 
  TCH = data(j,14) + 273.15; 
  TCI = data(j,15) + 273.15; 
  TCJ = data(j,16) + 273.15; 
  TCK = data(j,17) + 273.15; 
  TCL = data(j,18) + 273.15; 
  TCM = data(j,19) + 273.15; 
  TCN = data(j,20) + 273.15; 
  TCO = data(j,21) + 273.15; 
   
   
  %% Calculate the initial guess  
   AT = TCA * 0.02083; 
   BT = TCB * 0.02083; 
   CT = TCC * 0.02083; 
   DT = TCD * 0.02083; 
   ET = TCE * 0.02083; 
   FT = TCF * 0.02083; 
   GT = TCG * 0.18750; 
   HT = TCH * 0.02083; 
   IT = TCI * 0.37500; 
   JT = TCJ * 0.02083; 
   KT = TCK * 0.18750; 
   LT = TCL * 0.02083; 
   MT = TCM * 0.02083; 
   NT = TCN * 0.02083; 
   OT = TCO * 0.02083; 
    
   % Initial Guess of the Mean Absorber Plate Temperature 
   Tplate = AT + BT + CT + DT + ET + FT + GT + HT + IT +... 
        JT + KT + LT + MT + NT + OT;     
   
%% Variables for plots 
   
  % Kelvin per Watts 
  KpW(j) = (Tin - Tair)/(AreaP*irradiation); 
   
227 
% PV system   
  
  PVcurrent = data(j,24); 
  PVvoltage = data(j,27); 
   
  % Load data into arrays for PV system 
   
  % Electrical Efficiency of the PV system  
  PVEeff(j) = (PVvoltage*PVcurrent)/(irradiation*AreaP); 
   
  % Temperature of cell of the PV system (fills array) 
  PVtcell(j) = (((PVEeff(j)/EeffSC)-1)/(-0.0045) + 25); %in Celsius 
   
   
% PVT system    
  
  % Electrical Efficiency of the PVT system 
  Eeff(j) = (voltage*current)/(irradiation*AreaP); 
   
  % Actual Thermal Power generated by PVT panels 
  PVTPact(j) = Mrate*Cp*(Tout-Tin); 
   
%% Calculate nonconstant values     
     
  % Calculate Temperature of the cell 
    Tcell = (((Eeff(j)/EeffSC)-1)/(-0.0045) + 25) + 273.15;  
    Tlam = Tcell; 
  
  % Thermal Efficiency of the first PVT panel 
   
     THeff1(j) = (Mrate*Cp*(Tmid - Tin))/(irradiation*(AreaP/2)); 
     
  % Thermal Efficiency of the first PVT panel 
   
     THeff2(j) = (Mrate*Cp*(Tout - Tmid))/(irradiation*(AreaP/2)); 
         
  % Thermal Efficiency of the System 
     THeff(j) = (Mrate*Cp*(Tout - Tin))/(irradiation*AreaP); 
     
  % Effective Transmission-Absorption Factor 
    % TAUeff = 19.781*exp(-0.004*irradiation); 
     %TAUeff = 25*exp(-0.004*irradiation); 
     TAUeff = (TAUalpha - TAU*Eeff(j)); 
     TAU1(j) = TAUeff; 
      
  
  % Cells to Absorber Heat Transfer Coefficient 
      Hca = (Cp*Mrate*(Tout - Tin))/(AreaP*(Tcell-Tplate));  
       
    
  % Wind Heat Transfer Coefficient 
228 
    Hwater(j) = 2.8 + 3.0*Wvelocity;  
      
  % f equation 
    Feq(j) = (1 + 0.089*Hwater(j) - 0.1166 * Hwater(j) * Elam)*(1 + 0.07866 * N); 
  
  % C equation 
    Ceq(j) = 520*(1 + 0.000051 * Cangle^2); 
    fprintf('%f\n', j);  
      
%% Begin iterative process to solve for Thermal Power generated 
for i=1:50 
  
    % e equation 
    Eeq(j) = 0.430*(1 - (100/Tplate));    
   
  % Top Heat Loss Coefficient 
    Utop(j) = ((N/((Ceq(j)/Tlam)*((Tlam - Tair)/(N + Feq(j)))^Eeq(j)))+(1/Hwater(j)))^(-1)...  
       + ((SBC*(Tlam^2 + Tair^2)*(Tlam + Tair))/((Elam + 0.00591*N*Hwater(j))^(-1) ... 
       + ((2*N + Feq(j) - 1 + 0.0133*Elam)/Eglass) - N));  
  
  % Overall Heat Loss Coefficient 
    Uall = Utop(j) + Uback + Uedge;  
  
  % m equation 
    Meq(j) = (Uall/(Kabs*APthick + Klam*PVLthick))^(1/2);  
  
  % Fin Efficiency Factor    
    FeffF(j) = (tanh(Meq(j)*(Tspace - diameter)/2))/(Meq(j)*(Tspace - diameter)/2); 
  
  % Ft equation    
    Ft(j) = (1 - (diameter/Tspace))*FeffF(j) + (diameter/Tspace);   
    
  % Collector Heat Removal Factor 
    CeffF(j) = ((1/Ft(j)) + (Uall/Hca) + ((Uall*Tspace)/(pi*diameter*Htube)))^(-1);  
  
  % Collector Heat Remoaval Factor 
    removal(j) = ((Mrate*Cp)/(AreaP*Uall))*(1 - exp((-AreaP*Uall*CeffF(j))/(Mrate*Cp)));   
  
  % Thermal Power Generated 
    power = AreaP*removal(j)*((TAUeff)*irradiation - Uall.*(Tin - Tair)); 
  
  % Calculate Mean Absorber Plate Temperatue from new Thermal Power 
    Tplate = Tin + (power/(2*Mrate*Cp)) + (power/(AreaP*Hca)); 
   
  Hca = (Cp*Mrate*(Tout - Tin))/(AreaP*(Tcell-Tplate));  
     
    
   fprintf('%f\n', power ); 
  
end    
% End iterative process     
229 
  
%% Print thermal yield, electrical efficiency, and temperature of the 
%  mean absober plate for the PVT solar array. 
  %fprintf('Point %i\n', j); 
  %fprintf('Thermal Power = %f', power); 
  %fprintf(' Watts\n'); 
  %fprintf('Tplate = %f\n', Tplate); 
  %fprintf('Electrical Efficiency = %f\n\n', Eeff(j)); 
   
   
%% Fill arrays, so that the data can be plotted or written to an Excel sheet. 
  Power(j) = power; 
  irradiance(j) = irradiation; 
  PVTtcell(j) = Tcell - 273.15; % Converts from Kelvin to Celsius 
  PVTtplate(j) = Tplate - 273.15; % Converts from Kelvin to Celsius 
   
  % Calculate the percent erro between the actual and simulated thermal 
  % energy. 
  err(j) = (PVTPact(j)-Power(j))/(PVTPact(j)); 
  hca(j) = Hca; 
   
%% 
  
Teff(j) = ((PVTPact(j)/(AreaP*removal(j))) + Uall*(Tin - Tair))/irradiation; 
  
   
   
end 
  
%% Write Data to an Excel Sheet 
  
% Name the file that will be written or written to 
filename = 'Code Data'; 
  
%Export calculated data 
  
% Simulated Thermal Power 
xlswrite(filename,Power,'Sheet1','AE3:AE10002'); 
  






% PVT Laminate Temperature 
xlswrite(filename,PVTtcell,'Sheet1','AH3:AH10002'); 
  




% PV Laminate Temperature 
xlswrite(filename,PVtcell,'Sheet1','AJ3:AJ10002'); 
  
% PVT Electrical Efficiency 
xlswrite(filename,Eeff,'Sheet1','AK3:AK10002'); 
  
% PV Electrical Efficiency 
xlswrite(filename,PVEeff,'Sheet1','AL3:AL10002'); 
  
% PVT panel 1 Thermal Efficiency 
xlswrite(filename,THeff1,'Sheet1','AM3:AM10002'); 
  
% PVT panel 2 Thermal Efficiency 
xlswrite(filename,THeff2,'Sheet1','AN3:AN10002'); 
  
% PVT System Thermal Efficiency 
xlswrite(filename,THeff,'Sheet1','AO3:AO10002'); 
  






% TAU effective actual 
xlswrite(filename,Teff,'Sheet1','AR3:AR10002'); 
  
% TAU effective simulated 
xlswrite(filename,TAU1,'Sheet1','AS3:AS10002'); 
  
% Wind Transfer Coefficient 
xlswrite(filename,Hwater,'Sheet1','AV3:AV10002'); 
  
% E Equation 
xlswrite(filename,Eeq,'Sheet1','AW3:AW10002'); 
  
% C Equation 
xlswrite(filename,Ceq,'Sheet1','AX3:AX10002'); 
  
% f Equation 
xlswrite(filename,Feq,'Sheet1','AY3:AY10002'); 
  
% Top Heat Loss Coefficient 
xlswrite(filename,Utop,'Sheet1','AZ3:AZ10002'); 
  
% M Equation 
xlswrite(filename,Meq,'Sheet1','BA3:BA10002'); 
  




% Ft Equation 
xlswrite(filename,Ft,'Sheet1','BC3:BC10002'); 
  
% F Prime Heat Removal Factor 
xlswrite(filename,CeffF,'Sheet1','BD3:BD10002'); 
  




%% plot of PVT Tcell,Tplate and PV Tcell 
   
  % G vs. Temp of Tcells and Tplate 
  figure(1) 
    
  plot(PVTtcell,irradiance,'b*'); 
  hold on; 
  plot(PVtcell,irradiance,'g*'); 
  hold on; 
  plot(PVTtplate,irradiance,'r*'); 
  xlabel('Temperature(Celsius'); 
  ylabel('Irradiance'); 
  leg = legend('PVT Lam. Temp.','PV Lam. Temp.','PVT Tpm'); 
  set(leg,'Location','NorthWest'); 
  hold off; 
  
%% Eeff vs. KpW 
  figure(2) 
  plot(KpW,Eeff,'.'); 
  hold on; 
  plot(KpW,PVEeff,'.r'); 
  xlabel('(Tin-Tair)/(A*G)'); 
  ylabel('Electrical Efficiency'); 
  leg = legend('PVT System','PV System'); 
  set(leg,'Location','NorthWest'); 
  hold off; 
  
   
%% G vs. Temp of Tcells and Tplates 
  figure(3) 
  plot(PVTtcell,Power,'.'); 
  hold on; 
  plot(PVtcell,Power,'g.'); 
  hold on; 
  plot(PVTtplate,Power,'r.'); 
  xlabel('Temperature in Celsius'); 
  ylabel('Power'); 
  leg = legend('PVT Temp. Cell','PV Temp. Cell','PVT Tpm'); 
  set(leg,'Location','NorthEast'); 
  hold off; 
  
232 
%% Power vs. Irradiance 
  figure(4) 
  plot(irradiance,PVTPact,'r*'); 
  hold on; 
  plot(irradiance,Power,'b*'); 
  xlabel('Irradiation'); 
  ylabel('Power'); 
  leg = legend('Actual PVT Thermal Power','Simulated PVT Thermal Power');  
  set(leg,'Location','Northwest'); 
  hold off; 
   
   
%% Thermal Efficiency vs. (Tout-Tin)/(A*G) 
  figure(5) 
  plot(THeff1,KpW,'r*'); 
  hold on; 
  plot(THeff2,KpW,'b*'); 
  hold on; 
  plot(THeff,KpW,'g*'); 
  hold on; 
  xlabel('(Tout-Tin)/(A*G)'); 
  ylabel('Thermal Efficiency'); 
  leg = legend('PVT1', 'PVT2','PVT System'); 
  set(leg,'Location','Northwest'); 



















HAND CALCULATIONS -  
INDIVIDUAL POINT VERIFICATION OF MATLAB OUTPUT 
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Table E.1. Experimental & MATLAB Data for July 29, 2014 at 11:13:57AM 
Date & Time : July 29, 2014 at 11:13:57AM 
Air Temperature (°K) : Ta : 297.79 Current PVT (Amp) : IMPP : 8.67 
Wind Speed (m/s) : Vw : 2.05 Volts PVT  : VMPP : 18.45 
Inlet Temperature (°C) : Tin : 25.64 Actual Thermal Power (W) : Pt,a : 490.40 
Outlet Temperature (°C) : Tout : 26.63 Simulated Thermal Power (W) : Pt,s : 408.28 
TC A Temperature (°C) : TCA : 29.96 PVT Laminate Temperature (°C) : Tlam : 130.72 
TC B Temperature (°C) : TCB : 29.70 PVT Absorber Temperature (°C) : Tabs : 73.61 
TC C Temperature (°C) : TCC : 28.55 PVT Electrical Efficiency : ηel : 0.0734 
TC D Temperature (°C) : TCD : 28.66 PVT Thermal Efficiency : ηth : 0.2250 
TC E Temperature (°C) : TCE : 38.53 Heat Transfer from Cells to Absorber : hca : 3.5773 
TC F Temperature (°C) : TCF : 29.23 Tau-Alpha Effective, Actual : τα,effA : 0.8059 
TC G Temperature (°C) : TCG : 52.71 Tau-Alpha Effective, Simulated : τα,effS : 0.6725 
TC H Temperature (°C) : TCH : 29.66 Wind Heat Transfer Coef. (W/m·K) : hw : 8.94 
TC I Temperature (°C) : TCI : 52.30 e Factor : e : 0.3060 
TC J Temperature (°C) : TCJ : 28.44 C Factor : C : 558.29 
TC K Temperature (°C) : TCK : 48.96 f Factor : f :  
TC L Temperature (°C) : TCL : 28.92 Top Loss Coefficient : UT : 7.38 
TC M Temperature (°C) : TCM : 28.74 M Equation : m : 3.74 
TC N Temperature (°C) : TCN : 28.53 Standard Fin Efficiency : F : 0.9705 
TC O Temperature (°C) : TCO : 30.55 Ft Factor : Ft : 0.9731 
TC P Temperature (°C) : TCP : 27.19 Collector Efficiency Factor : F' : 0.2842 
Pyranometer (W/m2) : G : 907.95 Heat Removal Factor : FR : 0.2826 
 
 
Table E.2. Calculated & Assumed PVT Panel Properties 
Ab Area of Back 1.12254 m2 
Ae Area of Edge 0.17225 m2 
APV Area of PV Panel 1.20 m2 
c Specific Heat (Water) 4179 J/kg·K 
D Outside Tube Diameter 0.015875 m 
htube Tube to Water Heat Transfer Coefficient 300 W/m2·⁰C 
kabs Absorber Plate Thermal Conductivity 300 W/m·⁰K 
kf Foam Thermal Conductivity 0.037462 W/m·⁰K 
klam PV Laminate Thermal Conductivity 0.36 W/m·⁰K 
te Edge Thickness 0.0381 m 
ṁ Mass Flow Rate 0.1183 kg/s 
N Number of Covers 1 - 
Vf,actual Actual Foam Volume 0.041158 m3 
W Tube Spacing 0.1778 m 
δabs Absorber Plate Thickness 0.00203 m 
δlam PV Laminate Thickness 0.004 m 
εlam Emittance of PV Laminate 0.85 - 
εtop,glass Emittance of Glass 0.9 - 
σ Stefan-Boltzmann Constant 5.67E-08 - 
τ Transmission of Glass 0.92 - 
τα Transmission-Absorption Factor 0.74 - 
β Collector Angle 38 Degrees 
η0 Electrical Efficiency at Standard Conditions 0.14 - 
tf Thickness of Foam 0.0381 m 
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𝑃𝑃𝑝𝑝𝑝𝑝  ≡  𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀 ∙ 𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀𝐺𝐺 ∙ 𝐴𝐴𝑀𝑀𝑃𝑃 = 18.45 ∙ 159.93907.95 ∙ 2 ∙ 1.2 = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎 
 
𝑃𝑃𝑝𝑝ℎ  ≡  ?̇?𝑚 ∙ 𝑃𝑃𝑝𝑝(𝑇𝑇𝑜𝑜𝑜𝑜𝑝𝑝 − 𝑇𝑇𝑖𝑖𝑖𝑖)𝐺𝐺 ∙ 𝐴𝐴𝑀𝑀𝑃𝑃 = 0.1183 ∙ 4179(26.631 − 25.639)907.95 ∙ 2 ∙ 1.2 = 𝟎𝟎.𝟐𝟐𝟐𝟐𝟐𝟐𝟎𝟎 
 
𝑃𝑃𝑝𝑝𝑝𝑝 =  𝑃𝑃0(1 − 0.0045 ∙ [𝑇𝑇𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝 − 25℃]) → 𝑇𝑇𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑃𝑃𝑝𝑝𝑝𝑝0.0045 ∙ 𝑃𝑃0 + 24 = 𝟎𝟎𝟎𝟎𝟎𝟎.𝟖𝟖𝟎𝟎 
 
𝜏𝜏𝛼𝛼,𝑝𝑝𝑓𝑓𝑓𝑓 =  (𝜏𝜏𝛼𝛼 − 𝜏𝜏 ∙ 𝑃𝑃𝑝𝑝𝑝𝑝) = (0.734 − 0.92 ∙ 0.07339) = 𝟎𝟎.𝟔𝟔𝟎𝟎𝟐𝟐𝟎𝟎𝟖𝟖 
 
ℎ𝑐𝑐𝑝𝑝 =  𝑃𝑃 ∙ ?̇?𝑚(𝑇𝑇𝑜𝑜𝑜𝑜𝑝𝑝 − 𝑇𝑇𝑖𝑖𝑖𝑖)𝐴𝐴𝑀𝑀𝑃𝑃(𝑇𝑇𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑇𝑇𝑝𝑝𝑎𝑎𝑎𝑎) = 0.1183 ∙ 4179(26.631 − 25.639)2 ∙ 1.4(403.87 − 346.76) = 𝟎𝟎.𝟐𝟐𝟎𝟎𝟎𝟎 
 
 
𝐹𝐹𝑓𝑓,𝑝𝑝𝑒𝑒 = 𝑉𝑉𝑓𝑓,𝑝𝑝𝑐𝑐𝑝𝑝𝑜𝑜𝑝𝑝𝑝𝑝𝐴𝐴𝑎𝑎 = 0.041152 ∙ 1.2 = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟔𝟔𝟔𝟔𝟎𝟎 
 
 








= �0.03746 0.0381� ∙ 0.17225�2 ∙ 1.2 = 𝟎𝟎.𝟏𝟏𝟎𝟎𝟏𝟏𝟏𝟏 
 
 




𝑜𝑜 = (1 + 0.089ℎ𝑤𝑤 − 0.1166ℎ𝑤𝑤𝜖𝜖𝑝𝑝𝑝𝑝𝑒𝑒)(1 + 0.07866 ∙ 𝑁𝑁)= (1 + 0.089 ∙ 8.94 − 0.1166 ∙ 8.94 ∙ 0.85)(1 + 0.07866 ∙ 1) = 𝟎𝟎.𝟗𝟗𝟖𝟖𝟏𝟏𝟐𝟐 
 
𝐶𝐶 = 520(1 + 0.000051𝛽𝛽2)   𝑜𝑜𝐹𝐹𝐹𝐹 0° <  𝛽𝛽 < 70° → 520(1 + 0.000051 ∙ 382) = 𝟐𝟐𝟐𝟐𝟖𝟖.𝟐𝟐𝟗𝟗 
 
𝐶𝐶 = 0.430 �1 − 100
𝑇𝑇𝑝𝑝𝑒𝑒
� = 0.430 �1 − 100346.76� = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟔𝟔𝟎𝟎 
 
 









 �𝑇𝑇�𝑝𝑝𝑝𝑝𝑒𝑒 − 𝑇𝑇𝑝𝑝𝑁𝑁 + 𝑜𝑜 �𝑝𝑝 + 1ℎ𝑤𝑤⎦⎥⎥⎥
⎤
−1  
+ � 𝜎𝜎 (𝑇𝑇�𝑝𝑝𝑝𝑝𝑒𝑒2  +  𝑇𝑇𝑝𝑝2) (𝑇𝑇�𝑝𝑝𝑝𝑝𝑒𝑒  + 𝑇𝑇𝑝𝑝 )(𝜖𝜖𝑝𝑝𝑝𝑝𝑒𝑒 +  0.00591 ∙ 𝑁𝑁 ∙ ℎ𝑤𝑤)−1  +  2𝑁𝑁 + 𝑜𝑜 − 1 + 0.0133𝜖𝜖𝑝𝑝𝑝𝑝𝑒𝑒𝜖𝜖𝑝𝑝𝑜𝑜𝑝𝑝,𝑔𝑔𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎 − 𝑁𝑁� 
= � 1558.29403.87 �403.87 − 297.791 + 0.9812 �0.3060 + 18.94�
−1
+ � (5.67 ∙ 10−8)(403.872 + 297.792)(403.87 + 297.79)(0.85 + 0.00591 ∙ 1 ∙ 8.94)−1 + 2 ∙ 1 + 0.9812 − 1 + 0.0133 ∙ 0.850.9 − 1� = 𝟎𝟎.𝟎𝟎𝟖𝟖𝟎𝟎 
 
 
𝑈𝑈𝐿𝐿 = 𝑈𝑈𝑝𝑝 + 𝑈𝑈𝑎𝑎 + 𝑈𝑈𝑝𝑝 = 7.384 + 1.022 + 0.1411 = 𝟖𝟖.𝟐𝟐𝟎𝟎𝟎𝟎 
 
 
𝑚𝑚 = �𝑈𝑈𝑝𝑝𝑜𝑜𝑎𝑎𝑎𝑎 (𝑘𝑘𝑝𝑝𝑎𝑎𝑎𝑎𝛿𝛿𝑝𝑝𝑎𝑎𝑎𝑎 + 𝑘𝑘𝑝𝑝𝑝𝑝𝑒𝑒𝛿𝛿𝑝𝑝𝑝𝑝𝑒𝑒)� �1 2⁄    = �7.384 (300 ∙ 0.00203 + 0.36 ∙ 0.004)� �1 2⁄ = 𝟎𝟎.𝟎𝟎𝟏𝟏𝟎𝟎 
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𝐹𝐹 = tanh[𝑚𝑚(𝑊𝑊 −𝐷𝐷)/2]
𝑚𝑚(𝑊𝑊−𝐷𝐷)/2 = tanh[3.410(0.1778 − 0.01588)/2]3.410(0.1778 − 0.01588)/2 = 𝟎𝟎.𝟗𝟗𝟎𝟎𝟎𝟎𝟐𝟐 
 
 
𝐹𝐹𝑝𝑝 = �1 − 𝐷𝐷 𝑊𝑊� � ∙ 𝐹𝐹 + 𝐷𝐷𝑊𝑊 = �1 − 0.01588 0.1778� � ∙ 0.9705 + 0.015880.1778 = 𝟎𝟎.𝟗𝟗𝟎𝟎𝟎𝟎𝟏𝟏 
 
 
𝐹𝐹′ = �1 𝐹𝐹𝑝𝑝� + 𝑈𝑈𝐿𝐿 ℎ𝑐𝑐𝑝𝑝� + (𝑈𝑈𝐿𝐿 ∙ 𝑊𝑊) (𝜋𝜋 ∙ 𝐷𝐷 ∙ ℎ𝑝𝑝𝑜𝑜𝑎𝑎𝑝𝑝)� �−1
= �1 0.9731� + 8.55 3.577� + (8.55 ∙ 0.1778) (𝜋𝜋 ∙ 0.01588 ∙ 300)� �−1= 𝟎𝟎.𝟐𝟐𝟖𝟖𝟎𝟎𝟐𝟐 
 
 
𝐹𝐹𝑅𝑅 = ?̇?𝑚 ∙ 𝑃𝑃𝐴𝐴𝑀𝑀𝑃𝑃 ∙ 𝑈𝑈𝐿𝐿 �1 − 𝐶𝐶𝑒𝑒𝑝𝑝 �−𝐴𝐴𝑀𝑀𝑃𝑃 ∙ 𝑈𝑈𝐿𝐿 ∙ 𝐹𝐹′?̇?𝑚 ∙ 𝑃𝑃 ��= 0.1183 ∙ 41792 ∙ 1.2 ∙ 8.547 �1 − 𝐶𝐶𝑒𝑒𝑝𝑝 �−2 ∙ 1.2 ∙ 8.547 ∙ 0.28420.1183 ∙ 4179 �� = 𝟎𝟎.𝟐𝟐𝟖𝟖𝟐𝟐𝟔𝟔 
 
 
𝑄𝑄𝑈𝑈 = 𝑃𝑃 = 𝐴𝐴𝑀𝑀𝑃𝑃𝐹𝐹𝑅𝑅�(𝜏𝜏𝛼𝛼 − 𝜏𝜏 ∙ 𝑃𝑃𝑝𝑝𝑝𝑝)𝐺𝐺 − 𝑈𝑈𝐿𝐿(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑝𝑝)�= 2.4 ∙ 0.2826�3.578 ∙ 907.95 − 8.547(25.639 − 24.643)� = 𝟎𝟎𝟎𝟎𝟖𝟖.𝟐𝟐𝟖𝟖 
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Table F.1. MATLAB Model Data from 05.21.14 to 06.13.14, Part 1 
 
 
Ptherm,s TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:05:21 10:15 15.55 216.35 45.15 205.62 0.290 5.39 0.72 44.35 0.29 558.29 0.595 12.88 4.80 0.953 0.957 0.020
2014:05:21 10:30 56.75 183.93 56.64 168.92 0.706 2.67 0.70 47.80 0.30 558.29 0.595 12.24 4.69 0.955 0.959 0.050
2014:05:21 10:45 156.28 146.84 61.43 135.28 1.719 1.55 0.68 51.25 0.30 558.29 0.595 11.42 4.54 0.957 0.961 0.118
2014:05:21 11:00 146.73 154.27 57.68 148.23 1.810 2.00 0.69 54.70 0.30 558.29 0.595 11.96 4.64 0.956 0.959 0.118
2014:05:21 11:15 229.82 135.34 61.95 126.68 2.546 1.34 0.68 48.63 0.30 558.29 0.595 10.85 4.44 0.959 0.963 0.169
2014:05:21 11:30 257.72 136.73 62.22 130.07 2.863 1.36 0.68 42.55 0.30 558.29 0.595 10.41 4.35 0.961 0.964 0.192
2014:05:21 11:45 290.55 134.25 63.72 126.82 3.139 1.25 0.67 36.48 0.30 558.29 0.595 9.89 4.26 0.962 0.966 0.213
2014:05:21 12:00 406.14 117.22 65.99 107.96 4.224 0.85 0.66 30.40 0.30 558.29 0.595 9.02 4.08 0.965 0.968 0.280
2014:05:21 12:15 462.08 112.43 65.87 102.21 4.876 0.78 0.66 30.40 0.30 558.29 0.595 8.90 4.06 0.965 0.969 0.311
2014:05:21 12:30 457.69 116.64 65.52 107.93 4.917 0.88 0.66 30.40 0.30 558.29 0.595 9.01 4.08 0.965 0.968 0.310
2014:05:21 12:45 433.95 117.48 66.13 110.02 4.641 0.88 0.66 30.40 0.30 558.29 0.595 9.03 4.09 0.965 0.968 0.298
2014:05:21 13:00 455.03 114.50 66.28 107.88 4.902 0.83 0.66 30.40 0.30 558.29 0.595 8.96 4.07 0.965 0.968 0.311
2014:05:21 13:15 468.07 111.92 65.69 106.27 5.188 0.81 0.66 35.58 0.30 558.29 0.595 9.24 4.13 0.964 0.968 0.316
2014:05:21 13:30 472.75 111.89 65.15 107.26 5.365 0.84 0.66 40.75 0.30 558.29 0.595 9.60 4.20 0.963 0.966 0.316
2014:05:21 13:45 498.22 107.70 65.48 106.37 5.710 0.76 0.66 45.93 0.30 558.29 0.595 9.85 4.25 0.962 0.966 0.323
2014:05:21 14:00 81.02 189.48 53.56 191.22 1.373 3.84 0.71 51.10 0.30 558.29 0.595 12.84 4.79 0.953 0.957 0.088
2014:05:21 14:15 85.65 165.37 60.98 168.42 1.129 2.21 0.69 47.65 0.30 558.29 0.595 11.73 4.60 0.956 0.960 0.079
2014:05:21 14:30 178.85 142.43 65.86 145.93 2.083 1.40 0.68 44.20 0.30 558.29 0.595 10.75 4.42 0.959 0.963 0.145
2014:05:21 14:45 5.36 238.18 36.79 238.90 0.312 14.43 0.73 40.75 0.29 558.29 0.595 13.30 4.87 0.951 0.956 0.021
2014:05:21 15:00 10.42 198.68 52.45 203.38 0.193 4.01 0.71 37.30 0.30 558.29 0.595 11.74 4.60 0.956 0.960 0.015
2014:05:21 15:15 98.96 170.86 60.64 181.09 1.365 2.34 0.70 34.75 0.30 558.29 0.595 10.75 4.42 0.959 0.963 0.101
2014:05:21 15:30 89.60 181.97 58.56 193.18 1.329 2.84 0.70 32.20 0.30 558.29 0.595 10.85 4.44 0.959 0.963 0.098
2014:05:21 15:45 40.62 203.54 53.30 210.65 0.745 4.25 0.71 29.65 0.30 558.29 0.595 11.22 4.50 0.958 0.962 0.056
2014:05:21 16:00 49.97 200.12 56.78 211.53 0.810 3.63 0.71 27.10 0.30 558.29 0.595 10.92 4.45 0.959 0.963 0.062
2014:05:21 16:12 16.67 212.48 52.64 223.17 0.328 4.76 0.72 29.65 0.30 558.29 0.595 11.50 4.55 0.957 0.961 0.025
2014:05:22 10:15 14.61 223.04 48.21 216.99 0.268 5.11 0.73 16.60 0.30 558.29 0.595 10.42 4.36 0.961 0.964 0.023
2014:05:22 10:30 25.77 202.26 55.13 198.74 0.367 3.35 0.71 16.60 0.30 558.29 0.595 9.90 4.26 0.962 0.966 0.032
2014:05:22 10:45 6.71 237.73 39.36 237.78 0.209 9.16 0.73 16.60 0.29 558.29 0.595 10.79 4.42 0.959 0.963 0.017
2014:05:22 11:00 21.55 212.19 50.66 210.90 0.366 4.34 0.72 16.60 0.30 558.29 0.595 10.14 4.30 0.961 0.965 0.031
2014:05:22 11:15 54.67 195.06 55.41 192.79 0.785 3.18 0.71 17.50 0.30 558.29 0.595 9.81 4.24 0.963 0.966 0.066
2014:05:22 11:30 8.75 239.25 38.78 239.52 0.297 9.72 0.74 18.40 0.29 558.29 0.595 11.03 4.47 0.959 0.962 0.024
2014:05:22 11:45 8.53 230.45 43.97 230.72 0.206 6.73 0.73 19.30 0.29 558.29 0.595 10.89 4.44 0.959 0.963 0.017
2014:05:22 12:00 5.47 238.07 39.64 238.35 0.178 9.11 0.73 20.20 0.29 558.29 0.595 11.18 4.50 0.958 0.962 0.014
2014:05:22 12:15 8.16 226.52 43.68 226.78 0.204 6.68 0.73 24.48 0.29 558.29 0.595 11.29 4.52 0.958 0.961 0.016
2014:05:22 12:30 27.45 208.26 50.46 208.02 0.493 4.30 0.72 28.75 0.30 558.29 0.595 11.19 4.50 0.958 0.962 0.038
2014:05:22 12:45 40.41 196.79 51.49 196.53 0.698 3.80 0.71 33.03 0.30 558.29 0.595 11.25 4.51 0.958 0.962 0.053
2014:05:22 13:00 289.34 130.21 66.03 124.74 3.173 1.10 0.67 37.30 0.30 558.29 0.595 9.83 4.24 0.962 0.966 0.216
2014:05:22 13:15 7.29 240.84 33.61 240.92 0.529 16.03 0.74 35.58 0.29 558.29 0.595 12.77 4.78 0.953 0.957 0.036
2014:05:22 13:30 -0.79 245.34 29.91 245.44 -0.193 27.78 0.74 33.85 0.29 558.29 0.595 12.73 4.77 0.953 0.957 -0.014
2014:05:22 13:45 -2.51 236.86 39.42 237.24 -0.093 9.92 0.73 32.13 0.29 558.29 0.595 12.35 4.71 0.954 0.958 -0.007
2014:05:22 14:00 60.76 168.82 63.26 170.08 0.725 1.99 0.69 30.40 0.30 558.29 0.595 10.33 4.34 0.961 0.964 0.059
2014:05:22 14:15 215.10 145.52 65.38 147.14 2.444 1.44 0.68 28.68 0.30 558.29 0.595 9.60 4.20 0.963 0.966 0.180
2014:05:22 14:30 216.10 146.83 65.09 150.91 2.497 1.48 0.68 26.95 0.30 558.29 0.595 9.50 4.18 0.964 0.967 0.184
2014:05:22 14:45 233.18 150.60 63.78 156.36 2.821 1.65 0.68 25.23 0.30 558.29 0.595 9.45 4.17 0.964 0.967 0.203
2014:05:22 15:00 201.95 161.18 62.09 168.78 2.587 1.99 0.69 23.50 0.30 558.29 0.595 9.57 4.19 0.963 0.967 0.188
2014:05:22 15:15 173.91 170.30 60.62 179.77 2.359 2.32 0.70 22.68 0.30 558.29 0.595 9.72 4.22 0.963 0.966 0.173
2014:05:22 15:30 140.53 180.89 58.63 191.69 2.060 2.77 0.70 21.85 0.30 558.29 0.595 9.91 4.26 0.962 0.966 0.153
2014:05:22 15:45 100.21 191.38 56.91 203.28 1.579 3.24 0.71 21.03 0.30 558.29 0.595 10.10 4.30 0.962 0.965 0.120
2014:05:22 16:00 61.32 200.81 55.42 213.21 1.044 3.70 0.71 20.20 0.30 558.29 0.595 10.27 4.33 0.961 0.964 0.083
2014:05:22 16:12 30.69 209.69 54.06 222.05 0.565 4.19 0.72 19.30 0.30 558.29 0.595 10.41 4.36 0.961 0.964 0.046
2014:05:23 10:15 86.92 203.57 65.21 186.12 0.861 2.28 0.71 27.10 0.30 558.29 0.595 10.96 4.46 0.959 0.962 0.066
2014:05:23 10:30 125.34 189.72 66.70 166.84 1.210 1.96 0.71 27.10 0.30 558.29 0.595 10.59 4.39 0.960 0.964 0.092
2014:05:23 10:45 247.70 144.28 66.99 123.17 2.400 1.20 0.68 27.10 0.30 558.29 0.595 9.42 4.16 0.964 0.967 0.180
2014:05:23 11:00 345.67 127.14 66.10 116.29 3.460 0.97 0.67 27.10 0.30 558.29 0.595 9.00 4.08 0.965 0.968 0.245
2014:05:23 11:15 380.60 125.90 64.24 104.76 4.015 1.04 0.67 23.65 0.30 558.29 0.595 8.70 4.02 0.966 0.969 0.277
2014:05:23 11:30 511.61 111.76 63.08 95.15 5.623 0.84 0.66 20.20 0.30 558.29 0.595 8.11 3.90 0.968 0.971 0.359
2014:05:23 11:45 541.60 112.43 63.19 97.32 5.990 0.86 0.66 16.75 0.30 558.29 0.595 7.84 3.84 0.969 0.972 0.379
2014:05:23 12:00 315.34 141.87 64.05 133.22 3.418 1.36 0.68 13.30 0.30 558.29 0.595 8.15 3.91 0.968 0.971 0.259
2014:05:23 12:15 528.36 115.18 65.10 102.17 5.678 0.85 0.66 15.03 0.30 558.29 0.595 7.75 3.82 0.969 0.972 0.370
2014:05:23 12:30 571.99 109.65 64.19 97.83 6.373 0.80 0.66 16.75 0.30 558.29 0.595 7.79 3.83 0.969 0.972 0.394
2014:05:23 12:45 500.19 110.96 66.18 100.87 5.358 0.76 0.66 18.48 0.30 558.29 0.595 7.97 3.87 0.969 0.971 0.352
2014:05:23 13:00 570.67 106.86 64.47 96.25 6.461 0.75 0.66 20.20 0.30 558.29 0.595 8.01 3.88 0.968 0.971 0.391
2014:05:23 13:15 454.45 115.43 65.88 107.33 4.992 0.86 0.66 21.03 0.30 558.29 0.595 8.28 3.93 0.968 0.970 0.330
2014:05:23 13:30 467.35 114.82 64.73 107.63 5.335 0.90 0.66 21.85 0.30 558.29 0.595 8.33 3.94 0.967 0.970 0.342
2014:05:23 13:45 445.51 118.83 63.96 114.15 5.235 1.01 0.67 22.68 0.30 558.29 0.595 8.48 3.97 0.967 0.970 0.335
2014:05:23 14:00 399.18 124.10 63.98 121.81 4.723 1.11 0.67 23.50 0.30 558.29 0.595 8.67 4.01 0.966 0.969 0.310
2014:05:23 14:15 355.31 130.86 65.67 131.38 4.056 1.17 0.67 18.33 0.30 558.29 0.595 8.42 3.96 0.967 0.970 0.285
2014:05:23 14:30 327.20 137.64 66.98 141.13 3.637 1.24 0.68 13.15 0.30 558.29 0.595 8.07 3.89 0.968 0.971 0.272
2014:05:23 14:45 302.89 146.65 68.68 152.68 3.247 1.33 0.68 7.98 0.30 558.29 0.595 7.56 3.78 0.970 0.973 0.262
2014:05:23 15:00 310.85 157.33 71.98 165.14 3.095 1.36 0.69 2.80 0.31 558.29 0.595 6.40 3.52 0.974 0.976 0.281
Date & Time
MATLAB Model Data - 05.21.14 to 06.13.14
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Table F.2. MATLAB Model Data from 05.21.14 to 06.13.14, Part 2 
 
Ptherm,s TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:05:23 15:15 204.73 170.95 64.47 180.13 2.498 2.05 0.70 7.98 0.30 558.29 0.595 8.08 3.89 0.968 0.971 0.207
2014:05:23 15:30 143.81 179.92 61.39 190.74 1.946 2.49 0.70 13.15 0.30 558.29 0.595 9.03 4.09 0.965 0.968 0.156
2014:05:23 15:45 108.21 189.59 57.98 201.55 1.664 3.09 0.71 18.33 0.30 558.29 0.595 9.80 4.24 0.963 0.966 0.129
2014:05:23 16:00 57.58 200.76 55.19 212.37 1.002 3.75 0.71 23.50 0.30 558.29 0.595 10.58 4.39 0.960 0.964 0.078
2014:05:23 16:12 27.85 210.72 53.17 221.67 0.539 4.36 0.72 21.78 0.30 558.29 0.595 10.68 4.40 0.960 0.963 0.043
2014:05:24 10:15 2.68 246.46 18.12 246.46 -0.282 86.39 0.74 38.20 0.28 558.29 0.595 12.96 4.81 0.952 0.957 -0.020
2014:05:24 10:30 2.06 246.22 19.11 246.25 -0.307 60.62 0.74 39.10 0.28 558.29 0.595 13.05 4.83 0.952 0.956 -0.022
2014:05:24 10:45 -0.72 244.43 22.93 244.50 -0.270 25.82 0.74 40.00 0.28 558.29 0.595 13.12 4.84 0.952 0.956 -0.019
2014:05:24 11:00 -0.33 244.86 22.55 244.93 -0.169 28.47 0.74 40.90 0.28 558.29 0.595 13.23 4.86 0.951 0.956 -0.012
2014:05:24 11:15 -0.89 242.79 26.87 242.83 -0.072 16.00 0.74 35.73 0.29 558.29 0.595 12.66 4.76 0.953 0.957 -0.005
2014:05:24 11:30 0.23 241.88 27.85 241.91 0.015 14.51 0.74 30.55 0.29 558.29 0.595 12.12 4.66 0.955 0.959 0.001
2014:05:24 11:45 3.00 236.49 31.91 236.48 0.124 10.17 0.73 25.38 0.29 558.29 0.595 11.48 4.55 0.957 0.961 0.010
2014:05:24 12:00 1.58 243.19 25.81 243.18 0.163 18.21 0.74 20.20 0.29 558.29 0.595 11.13 4.49 0.958 0.962 0.013
2014:05:24 12:15 1.44 246.44 19.07 246.45 -0.212 72.13 0.74 22.75 0.28 558.29 0.595 11.44 4.54 0.957 0.961 -0.017
2014:05:24 12:30 1.44 246.10 19.91 246.14 -0.300 53.49 0.74 25.30 0.28 558.29 0.595 11.68 4.59 0.956 0.960 -0.024
2014:05:24 12:45 -0.40 245.17 22.36 245.19 -0.230 30.38 0.74 27.85 0.28 558.29 0.595 11.92 4.63 0.956 0.960 -0.018
2014:05:24 13:00 -0.03 245.52 21.66 245.56 -0.202 35.54 0.74 30.40 0.28 558.29 0.595 12.18 4.68 0.955 0.959 -0.015
2014:05:24 13:15 -0.61 244.75 23.17 244.82 -0.158 27.02 0.74 29.58 0.28 558.29 0.595 12.09 4.66 0.955 0.959 -0.012
2014:05:24 13:30 -0.07 245.63 21.77 245.65 -0.122 35.86 0.74 28.75 0.28 558.29 0.595 12.03 4.65 0.955 0.959 -0.009
2014:05:24 13:45 0.45 246.15 20.52 246.18 -0.189 49.58 0.74 27.93 0.28 558.29 0.595 11.95 4.64 0.956 0.960 -0.015
2014:05:24 14:00 -0.49 245.52 22.41 245.56 -0.228 31.85 0.74 27.10 0.28 558.29 0.595 11.87 4.62 0.956 0.960 -0.018
2014:05:24 14:15 -2.10 241.50 29.18 241.61 -0.115 13.58 0.74 27.93 0.29 558.29 0.595 11.88 4.62 0.956 0.960 -0.009
2014:05:24 14:30 -0.35 244.12 24.99 244.17 -0.042 22.67 0.74 28.75 0.29 558.29 0.595 12.01 4.65 0.955 0.959 -0.003
2014:05:24 14:45 0.41 246.43 20.38 246.45 -0.165 70.14 0.74 29.58 0.28 558.29 0.595 12.14 4.67 0.955 0.959 -0.013
2014:05:24 15:00 -1.25 245.07 24.05 245.13 -0.198 28.40 0.74 30.40 0.29 558.29 0.595 12.21 4.68 0.955 0.959 -0.015
2014:05:24 15:15 -1.80 244.18 26.16 244.25 -0.159 20.98 0.74 32.13 0.29 558.29 0.595 12.37 4.71 0.954 0.958 -0.012
2014:05:24 15:30 -1.54 241.54 29.42 241.59 -0.081 14.59 0.74 33.85 0.29 558.29 0.595 12.48 4.73 0.954 0.958 -0.006
2014:05:24 15:45 -0.66 244.38 25.99 244.45 -0.060 22.47 0.74 35.58 0.29 558.29 0.595 12.73 4.77 0.953 0.957 -0.004
2014:05:24 16:00 -0.45 244.00 26.87 244.06 -0.035 20.29 0.74 37.30 0.29 558.29 0.595 12.91 4.80 0.953 0.957 -0.003
2014:05:24 16:12 -0.16 244.68 25.64 244.71 -0.016 24.23 0.74 34.75 0.29 558.29 0.595 12.66 4.76 0.953 0.957 -0.001
2014:05:25 10:15 78.47 206.52 63.64 184.40 0.785 2.51 0.72 27.85 0.30 558.29 0.595 11.14 4.49 0.958 0.962 0.059
2014:05:25 10:30 131.55 187.62 67.71 174.03 1.211 1.90 0.71 25.30 0.30 558.29 0.595 10.41 4.35 0.961 0.964 0.093
2014:05:25 10:45 233.36 151.76 68.54 127.21 2.136 1.26 0.68 22.75 0.30 558.29 0.595 9.28 4.14 0.964 0.967 0.165
2014:05:25 11:00 280.49 141.17 64.99 134.52 2.811 1.25 0.68 20.20 0.30 558.29 0.595 8.80 4.04 0.966 0.969 0.213
2014:05:25 11:15 266.98 139.93 64.67 130.92 2.722 1.26 0.68 20.20 0.30 558.29 0.595 8.78 4.03 0.966 0.969 0.208
2014:05:25 11:30 484.15 114.01 64.69 98.35 5.013 0.81 0.66 20.20 0.30 558.29 0.595 8.18 3.91 0.968 0.971 0.333
2014:05:25 11:45 550.23 110.55 63.46 95.75 5.936 0.81 0.66 20.20 0.30 558.29 0.595 8.10 3.89 0.968 0.971 0.370
2014:05:25 12:00 653.36 103.14 62.51 90.16 7.352 0.72 0.66 20.20 0.30 558.29 0.595 7.92 3.86 0.969 0.972 0.421
2014:05:25 12:15 637.42 104.82 63.89 94.74 7.008 0.71 0.66 19.30 0.30 558.29 0.595 7.90 3.85 0.969 0.972 0.412
2014:05:25 12:30 403.57 130.15 65.30 122.61 4.308 1.12 0.67 18.40 0.30 558.29 0.595 8.42 3.96 0.967 0.970 0.297
2014:05:25 12:45 526.01 113.70 67.18 103.52 5.413 0.76 0.66 17.50 0.30 558.29 0.595 7.97 3.87 0.969 0.971 0.354
2014:05:25 13:00 484.77 117.36 67.29 110.38 5.040 0.83 0.66 16.60 0.30 558.29 0.595 7.98 3.87 0.969 0.971 0.339
2014:05:25 13:15 36.98 231.42 42.19 230.50 0.996 9.02 0.73 15.78 0.29 558.29 0.595 10.59 4.39 0.960 0.964 0.077
2014:05:25 13:30 87.85 183.07 59.58 182.17 1.123 2.67 0.70 14.95 0.30 558.29 0.595 9.31 4.14 0.964 0.967 0.095
2014:05:25 13:45 453.68 119.92 70.02 115.40 4.495 0.79 0.67 14.13 0.30 558.29 0.595 7.81 3.83 0.969 0.972 0.319
2014:05:25 14:00 256.21 150.22 66.94 149.87 2.754 1.46 0.68 13.30 0.30 558.29 0.595 8.39 3.96 0.967 0.970 0.217
2014:05:25 14:15 213.72 161.20 63.69 161.10 2.534 1.89 0.69 15.03 0.30 558.29 0.595 8.82 4.04 0.966 0.969 0.196
2014:05:25 14:30 174.38 167.07 63.43 170.01 2.087 2.04 0.69 16.75 0.30 558.29 0.595 9.14 4.11 0.965 0.968 0.164
2014:05:25 14:45 158.55 167.48 65.38 172.62 1.829 1.93 0.69 18.48 0.30 558.29 0.595 9.33 4.15 0.964 0.967 0.145
2014:05:25 15:00 26.33 230.20 45.88 231.44 0.665 7.73 0.73 20.20 0.30 558.29 0.595 11.08 4.48 0.958 0.962 0.051
2014:05:25 15:15 4.41 241.96 40.81 242.30 0.163 11.59 0.74 20.20 0.29 558.29 0.595 11.39 4.54 0.957 0.961 0.013
2014:05:25 15:30 7.15 233.11 45.81 234.42 0.182 7.58 0.73 20.20 0.30 558.29 0.595 11.15 4.49 0.958 0.962 0.015
2014:05:25 15:45 46.12 198.58 57.81 206.58 0.689 3.35 0.71 20.20 0.30 558.29 0.595 10.24 4.32 0.961 0.965 0.056
2014:05:25 16:00 50.40 203.29 55.79 212.39 0.821 3.75 0.71 20.20 0.30 558.29 0.595 10.35 4.34 0.961 0.964 0.066
2014:05:25 16:12 36.05 203.41 57.42 213.41 0.564 3.54 0.71 18.48 0.30 558.29 0.595 10.19 4.31 0.961 0.965 0.047
2014:05:26 10:15 66.68 207.40 62.22 197.76 0.748 2.79 0.72 27.93 0.30 558.29 0.595 11.19 4.50 0.958 0.962 0.056
2014:05:26 10:30 61.12 207.23 56.12 203.04 0.830 3.52 0.72 28.75 0.30 558.29 0.595 11.23 4.51 0.958 0.962 0.062
2014:05:26 10:45 96.95 169.17 63.37 160.43 1.075 1.96 0.69 29.58 0.30 558.29 0.595 10.29 4.33 0.961 0.964 0.085
2014:05:26 11:00 311.82 131.48 69.17 124.52 3.038 0.98 0.67 30.40 0.30 558.29 0.595 9.40 4.16 0.964 0.967 0.216
2014:05:26 11:15 396.53 123.31 67.78 103.68 4.040 0.91 0.67 30.40 0.30 558.29 0.595 9.18 4.12 0.965 0.968 0.269
2014:05:26 11:30 37.69 220.86 43.84 219.57 0.914 7.39 0.72 30.40 0.29 558.29 0.595 11.74 4.60 0.956 0.960 0.065
2014:05:26 11:45 61.72 191.83 51.13 187.39 1.064 4.08 0.71 30.40 0.30 558.29 0.595 10.92 4.45 0.959 0.963 0.080
2014:05:26 12:00 -0.98 246.46 29.19 246.49 -0.162 65.10 0.74 30.40 0.29 558.29 0.595 12.47 4.73 0.954 0.958 -0.012
2014:05:26 12:15 -2.56 246.08 29.04 246.14 -0.487 46.05 0.74 33.03 0.29 558.29 0.595 12.70 4.77 0.953 0.957 -0.037
2014:05:26 12:30 -3.06 245.20 29.92 245.33 -0.385 29.10 0.74 35.65 0.29 558.29 0.595 12.92 4.80 0.952 0.957 -0.028
2014:05:26 12:45 -4.61 243.42 32.31 243.59 -0.324 17.45 0.74 38.28 0.29 558.29 0.595 13.13 4.84 0.952 0.956 -0.023
2014:05:26 13:00 -3.82 232.12 38.01 232.17 -0.136 9.15 0.73 40.90 0.29 558.29 0.595 13.02 4.82 0.952 0.956 -0.010
2014:05:26 13:15 22.19 197.12 50.59 197.82 0.383 3.86 0.71 38.28 0.30 558.29 0.595 11.71 4.59 0.956 0.960 0.029
2014:05:26 13:30 45.39 189.12 53.14 190.09 0.714 3.32 0.71 35.65 0.30 558.29 0.595 11.26 4.51 0.958 0.962 0.054
2014:05:26 13:45 219.25 135.67 65.43 135.76 2.388 1.21 0.68 33.03 0.30 558.29 0.595 9.66 4.21 0.963 0.966 0.176
MATLAB Model Data - 05.21.14 to 06.13.14
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Table F.3. MATLAB Model Data from 05.21.14 to 06.13.14, Part 3 
 
Ptherm,s TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:05:26 14:45 17.63 169.89 63.46 177.54 0.204 1.95 0.70 25.23 0.30 558.29 0.595 9.93 4.26 0.962 0.965 0.018
2014:05:26 15:00 56.15 204.09 50.99 207.82 0.991 4.24 0.72 23.50 0.30 558.29 0.595 10.62 4.39 0.960 0.963 0.077
2014:05:26 15:15 5.48 243.85 33.69 243.96 0.348 16.40 0.74 24.40 0.29 558.29 0.595 11.76 4.60 0.956 0.960 0.026
2014:05:26 15:30 -3.39 243.39 34.51 243.49 -0.200 14.26 0.74 25.30 0.29 558.29 0.595 11.83 4.61 0.956 0.960 -0.016
2014:05:26 15:45 -4.25 232.69 39.85 234.24 -0.145 8.63 0.73 26.20 0.29 558.29 0.595 11.62 4.58 0.957 0.961 -0.012
2014:05:26 16:00 -4.12 231.24 40.31 233.12 -0.137 8.14 0.73 27.10 0.29 558.29 0.595 11.65 4.58 0.957 0.960 -0.011
2014:05:26 16:12 3.14 231.21 41.45 233.31 0.095 7.74 0.73 27.10 0.29 558.29 0.595 11.67 4.58 0.956 0.960 0.007
2014:05:27 10:15 2.42 242.21 32.65 242.22 0.086 13.14 0.74 21.78 0.29 558.29 0.595 11.38 4.53 0.957 0.961 0.007
2014:05:27 10:30 18.12 223.52 42.68 222.78 0.352 6.11 0.73 20.05 0.29 558.29 0.595 10.73 4.41 0.960 0.963 0.029
2014:05:27 10:45 47.57 204.98 49.86 203.10 0.699 3.91 0.72 18.33 0.30 558.29 0.595 10.09 4.29 0.962 0.965 0.058
2014:05:27 11:00 148.02 169.57 62.43 166.74 1.529 1.84 0.69 16.60 0.30 558.29 0.595 9.10 4.10 0.965 0.968 0.127
2014:05:27 11:15 73.68 203.60 50.38 201.34 1.086 3.91 0.71 19.23 0.30 558.29 0.595 10.16 4.31 0.961 0.965 0.086
2014:05:27 11:30 231.51 151.41 63.72 145.12 2.354 1.47 0.68 21.85 0.30 558.29 0.595 9.17 4.11 0.965 0.968 0.180
2014:05:27 11:45 111.95 181.15 56.93 178.08 1.378 2.61 0.70 24.48 0.30 558.29 0.595 10.11 4.30 0.962 0.965 0.107
2014:05:27 12:00 55.03 210.69 46.86 209.38 0.975 5.20 0.72 27.10 0.30 558.29 0.595 11.11 4.48 0.958 0.962 0.073
2014:05:27 12:15 10.92 239.76 36.98 239.88 0.337 11.78 0.74 27.10 0.29 558.29 0.595 11.93 4.63 0.956 0.960 0.025
2014:05:27 12:30 41.67 202.03 53.17 201.86 0.591 3.68 0.71 27.10 0.30 558.29 0.595 10.90 4.45 0.959 0.963 0.046
2014:05:27 12:45 103.17 181.70 57.82 181.54 1.280 2.60 0.70 27.10 0.30 558.29 0.595 10.36 4.35 0.961 0.964 0.098
2014:05:27 13:00 214.80 147.34 64.18 143.73 2.261 1.43 0.68 27.10 0.30 558.29 0.595 9.51 4.18 0.963 0.967 0.170
2014:05:27 13:15 207.93 158.37 61.77 155.99 2.350 1.80 0.69 23.65 0.30 558.29 0.595 9.49 4.18 0.964 0.967 0.176
2014:05:27 13:30 183.91 161.54 62.14 163.30 2.077 1.85 0.69 20.20 0.30 558.29 0.595 9.28 4.14 0.964 0.967 0.162
2014:05:27 13:45 304.72 140.69 65.14 140.91 3.215 1.29 0.68 16.75 0.30 558.29 0.595 8.49 3.98 0.967 0.970 0.241
2014:05:27 14:00 380.76 131.50 66.02 131.86 3.991 1.10 0.67 13.30 0.30 558.29 0.595 7.95 3.86 0.969 0.971 0.292
2014:05:27 14:15 330.25 136.97 65.84 140.40 3.514 1.22 0.68 13.30 0.30 558.29 0.595 8.07 3.89 0.968 0.971 0.266
2014:05:27 14:30 351.17 133.55 66.63 137.58 3.707 1.13 0.67 13.30 0.30 558.29 0.595 8.00 3.87 0.968 0.971 0.277
2014:05:27 14:45 213.51 162.10 63.17 165.45 2.476 1.87 0.69 13.30 0.30 558.29 0.595 8.63 4.00 0.966 0.969 0.196
2014:05:27 15:00 121.92 179.94 59.68 184.56 1.575 2.56 0.70 13.30 0.30 558.29 0.595 9.04 4.09 0.965 0.968 0.131
2014:05:27 15:15 169.95 170.43 63.04 177.32 2.025 2.08 0.70 13.30 0.30 558.29 0.595 8.82 4.04 0.966 0.969 0.164
2014:05:27 15:30 182.57 164.41 64.62 174.49 2.094 1.85 0.69 13.30 0.30 558.29 0.595 8.69 4.02 0.966 0.969 0.171
2014:05:27 15:45 148.46 178.79 60.38 188.89 1.953 2.50 0.70 13.30 0.30 558.29 0.595 9.01 4.08 0.965 0.968 0.157
2014:05:27 16:00 6.81 244.27 35.15 244.34 0.415 17.24 0.74 13.30 0.29 558.29 0.595 10.62 4.39 0.960 0.963 0.034
2014:05:27 16:12 1.99 242.89 36.22 242.82 0.106 14.08 0.74 18.48 0.29 558.29 0.595 11.16 4.49 0.958 0.962 0.008
2014:05:28 10:15 67.62 212.51 58.48 197.68 0.783 2.95 0.72 18.48 0.30 558.29 0.595 10.33 4.34 0.961 0.964 0.063
2014:05:28 10:30 12.85 240.18 34.37 239.88 0.453 11.33 0.74 16.75 0.29 558.29 0.595 10.80 4.43 0.959 0.963 0.036
2014:05:28 10:45 13.74 232.61 39.46 231.30 0.341 7.94 0.73 15.03 0.29 558.29 0.595 10.43 4.36 0.960 0.964 0.028
2014:05:28 11:00 87.25 178.95 64.97 175.44 0.870 1.89 0.70 13.30 0.30 558.29 0.595 8.98 4.08 0.965 0.968 0.078
2014:05:28 11:15 75.04 211.13 50.38 203.72 1.156 4.19 0.72 10.68 0.30 558.29 0.595 9.38 4.15 0.964 0.967 0.097
2014:05:28 11:30 323.03 141.51 70.24 131.85 2.911 1.04 0.68 8.05 0.30 558.29 0.595 7.43 3.75 0.970 0.973 0.245
2014:05:28 11:45 78.90 207.95 51.83 206.11 1.174 3.93 0.72 5.43 0.30 558.29 0.595 8.33 3.94 0.967 0.970 0.108
2014:05:28 12:00 172.78 183.10 64.61 180.15 1.789 2.05 0.70 2.80 0.30 558.29 0.595 6.91 3.64 0.972 0.975 0.177
2014:05:28 12:15 145.60 181.87 63.34 177.48 1.570 2.12 0.70 6.25 0.30 558.29 0.595 7.94 3.86 0.969 0.971 0.144
2014:05:28 12:30 250.42 154.32 66.61 148.69 2.521 1.43 0.69 9.70 0.30 558.29 0.595 7.97 3.87 0.969 0.971 0.210
2014:05:28 12:45 129.00 186.89 56.75 185.00 1.713 2.81 0.71 13.15 0.30 558.29 0.595 9.13 4.11 0.965 0.968 0.140
2014:05:28 13:00 306.95 135.64 67.51 128.78 3.094 1.09 0.68 16.60 0.30 558.29 0.595 8.36 3.95 0.967 0.970 0.237
2014:05:28 13:15 198.05 165.43 63.06 164.26 2.255 1.88 0.69 13.15 0.30 558.29 0.595 8.66 4.01 0.966 0.969 0.182
2014:05:28 13:30 174.28 176.07 62.13 176.51 2.041 2.17 0.70 9.70 0.30 558.29 0.595 8.45 3.97 0.967 0.970 0.171
2014:05:28 13:45 103.04 198.84 58.83 200.06 1.340 3.01 0.71 6.25 0.30 558.29 0.595 8.36 3.95 0.967 0.970 0.121
2014:05:28 14:00 128.79 191.72 65.30 194.47 1.408 2.30 0.71 2.80 0.30 558.29 0.595 7.15 3.69 0.971 0.974 0.142
2014:05:28 14:15 42.09 226.41 49.39 227.25 0.795 5.51 0.73 5.43 0.30 558.29 0.595 8.84 4.05 0.966 0.969 0.073
2014:05:28 14:30 223.81 135.25 79.16 138.33 1.843 0.75 0.68 8.05 0.31 558.29 0.595 7.36 3.74 0.971 0.973 0.174
2014:05:28 14:45 77.72 199.28 56.13 199.74 1.170 3.44 0.71 10.68 0.30 558.29 0.595 9.15 4.11 0.965 0.968 0.100
2014:05:28 15:00 9.47 242.32 38.93 242.57 0.370 11.49 0.74 13.30 0.29 558.29 0.595 10.57 4.38 0.960 0.964 0.030
2014:05:28 15:15 21.14 201.61 56.12 205.92 0.321 3.50 0.71 13.30 0.30 558.29 0.595 9.55 4.19 0.963 0.967 0.029
2014:05:28 15:30 30.60 227.28 45.37 228.37 0.768 6.98 0.73 13.30 0.30 558.29 0.595 10.19 4.31 0.961 0.965 0.063
2014:05:28 15:45 18.79 219.98 47.64 224.64 0.415 5.89 0.72 13.30 0.30 558.29 0.595 10.00 4.28 0.962 0.965 0.036
2014:05:28 16:00 77.58 179.05 65.78 192.19 0.899 2.08 0.70 13.30 0.30 558.29 0.595 9.04 4.09 0.965 0.968 0.080
2014:05:28 16:12 25.76 228.50 45.72 231.83 0.666 7.01 0.73 11.99 0.30 558.29 0.595 10.06 4.29 0.962 0.965 0.056
2014:05:29 10:15 24.02 217.45 47.90 210.52 0.422 4.83 0.72 27.10 0.30 558.29 0.595 11.28 4.51 0.958 0.962 0.033
2014:05:29 10:30 107.06 192.42 65.89 182.15 1.081 2.11 0.71 27.10 0.30 558.29 0.595 10.68 4.40 0.960 0.963 0.082
2014:05:29 10:45 104.54 187.73 57.85 167.67 1.324 2.68 0.71 27.10 0.30 558.29 0.595 10.51 4.37 0.960 0.964 0.100
2014:05:29 11:00 163.56 157.11 61.57 150.38 1.881 1.77 0.69 27.10 0.30 558.29 0.595 9.73 4.22 0.963 0.966 0.144
2014:05:29 11:15 177.59 160.62 60.85 149.06 2.106 1.91 0.69 27.93 0.30 558.29 0.595 9.88 4.25 0.962 0.966 0.156
2014:05:29 11:30 316.53 132.50 64.66 122.16 3.431 1.17 0.67 28.75 0.30 558.29 0.595 9.26 4.13 0.964 0.967 0.238
2014:05:29 11:45 548.08 109.06 64.48 96.91 6.089 0.78 0.66 29.58 0.30 558.29 0.595 8.73 4.03 0.966 0.969 0.360
2014:05:29 12:00 499.18 120.48 65.20 113.67 5.503 0.97 0.67 30.40 0.30 558.29 0.595 9.09 4.10 0.965 0.968 0.331
2014:05:29 12:15 213.56 159.93 59.95 154.22 2.732 2.05 0.69 31.30 0.30 558.29 0.595 10.15 4.30 0.961 0.965 0.188
2014:05:29 12:30 60.41 207.30 49.37 206.82 1.149 4.77 0.72 32.20 0.30 558.29 0.595 11.50 4.55 0.957 0.961 0.082
2014:05:29 12:45 28.06 225.00 44.50 224.91 0.697 6.90 0.73 33.10 0.29 558.29 0.595 12.11 4.66 0.955 0.959 0.049
2014:05:29 13:00 167.93 151.19 64.75 147.25 1.915 1.56 0.68 34.00 0.30 558.29 0.595 10.16 4.31 0.961 0.965 0.141
2014:05:29 13:15 19.99 232.76 40.37 232.96 0.683 9.43 0.73 34.00 0.29 558.29 0.595 12.42 4.72 0.954 0.958 0.047
MATLAB Model Data - 05.21.14 to 06.13.14
Date & Time
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Table F.4. MATLAB Model Data from 05.21.14 to 06.13.14, Part 4 
 
Ptherm,s TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:05:29 14:15 53.81 181.00 56.37 185.82 0.825 2.92 0.70 33.10 0.30 558.29 0.595 10.86 4.44 0.959 0.963 0.063
2014:05:29 14:30 155.87 152.97 61.85 157.36 2.016 1.82 0.69 32.20 0.30 558.29 0.595 10.05 4.29 0.962 0.965 0.149
2014:05:29 14:45 123.41 169.93 58.34 171.75 1.798 2.49 0.70 31.30 0.30 558.29 0.595 10.41 4.35 0.961 0.964 0.131
2014:05:29 15:00 198.81 147.01 63.35 153.70 2.507 1.63 0.68 30.40 0.30 558.29 0.595 9.76 4.23 0.963 0.966 0.181
2014:05:29 15:15 72.25 191.82 50.96 197.52 1.453 4.19 0.71 33.03 0.30 558.29 0.595 11.14 4.49 0.958 0.962 0.104
2014:05:29 15:30 49.37 198.61 50.94 205.00 1.006 4.43 0.71 35.65 0.30 558.29 0.595 11.58 4.57 0.957 0.961 0.072
2014:05:29 15:45 65.17 191.12 52.68 201.48 1.247 3.92 0.71 38.28 0.30 558.29 0.595 11.61 4.57 0.957 0.961 0.087
2014:05:29 16:00 39.65 202.14 49.88 211.83 0.886 4.90 0.71 40.90 0.30 558.29 0.595 12.19 4.68 0.955 0.959 0.061
2014:05:29 16:12 17.10 207.53 49.51 217.89 0.397 5.13 0.72 38.28 0.30 558.29 0.595 12.11 4.66 0.955 0.959 0.029
2014:05:30 10:15 62.01 218.74 59.07 198.64 0.787 3.37 0.72 31.30 0.30 558.29 0.595 11.82 4.61 0.956 0.960 0.057
2014:05:30 10:30 43.31 208.43 49.97 205.39 0.767 4.54 0.72 32.20 0.30 558.29 0.595 11.53 4.56 0.957 0.961 0.056
2014:05:30 10:45 34.69 216.44 47.08 215.50 0.710 5.57 0.72 33.10 0.30 558.29 0.595 11.85 4.62 0.956 0.960 0.051
2014:05:30 11:00 34.79 215.41 47.30 214.75 0.712 5.54 0.72 34.00 0.30 558.29 0.595 11.91 4.63 0.956 0.960 0.051
2014:05:30 11:15 50.83 199.71 52.42 198.22 0.841 3.93 0.71 32.28 0.30 558.29 0.595 11.30 4.52 0.958 0.961 0.062
2014:05:30 11:30 224.37 142.99 66.63 135.15 2.408 1.31 0.68 30.55 0.30 558.29 0.595 9.69 4.22 0.963 0.966 0.176
2014:05:30 11:45 350.54 132.06 67.08 123.33 3.770 1.11 0.67 28.83 0.30 558.29 0.595 9.28 4.14 0.964 0.967 0.255
2014:05:30 12:00 303.94 140.37 66.31 133.24 3.364 1.30 0.68 27.10 0.30 558.29 0.595 9.36 4.15 0.964 0.967 0.233
2014:05:30 12:15 272.59 146.38 66.75 142.18 3.004 1.39 0.68 27.93 0.30 558.29 0.595 9.58 4.19 0.963 0.967 0.211
2014:05:30 12:30 733.20 99.82 64.94 90.31 8.755 0.65 0.65 28.75 0.30 558.29 0.595 8.45 3.97 0.967 0.970 0.446
2014:05:30 12:45 464.25 122.66 66.55 115.37 5.314 1.01 0.67 29.58 0.30 558.29 0.595 9.10 4.10 0.965 0.968 0.324
2014:05:30 13:00 20.85 234.02 39.45 233.85 0.901 11.05 0.73 30.40 0.29 558.29 0.595 12.12 4.66 0.955 0.959 0.063
2014:05:30 13:15 50.35 180.26 57.84 177.65 0.757 2.81 0.70 29.58 0.30 558.29 0.595 10.56 4.38 0.960 0.964 0.060
2014:05:30 13:30 383.43 124.31 69.54 117.69 4.131 0.93 0.67 28.75 0.30 558.29 0.595 9.10 4.10 0.965 0.968 0.275
2014:05:30 13:45 110.09 185.68 57.52 184.43 1.717 3.04 0.70 27.93 0.30 558.29 0.595 10.57 4.38 0.960 0.964 0.125
2014:05:30 14:00 59.63 194.16 55.70 196.32 1.007 3.49 0.71 27.10 0.30 558.29 0.595 10.72 4.41 0.960 0.963 0.077
2014:05:30 14:15 100.49 173.79 59.36 174.53 1.499 2.56 0.70 24.48 0.30 558.29 0.595 9.96 4.27 0.962 0.965 0.116
2014:05:30 14:30 145.73 152.67 65.61 157.34 1.790 1.63 0.69 21.85 0.30 558.29 0.595 9.24 4.13 0.964 0.968 0.143
2014:05:30 14:45 248.37 141.16 67.09 146.87 2.971 1.36 0.68 19.23 0.30 558.29 0.595 8.75 4.03 0.966 0.969 0.223
2014:05:30 15:00 237.11 147.37 66.61 155.89 2.903 1.51 0.68 16.60 0.30 558.29 0.595 8.65 4.01 0.966 0.969 0.221
2014:05:30 15:15 181.24 163.63 62.19 172.94 2.567 2.15 0.69 18.33 0.30 558.29 0.595 9.18 4.12 0.965 0.968 0.193
2014:05:30 15:30 176.89 163.13 63.65 175.66 2.415 2.03 0.69 20.05 0.30 558.29 0.595 9.34 4.15 0.964 0.967 0.182
2014:05:30 15:45 80.47 193.25 54.53 201.69 1.573 3.82 0.71 21.78 0.30 558.29 0.595 10.22 4.32 0.961 0.965 0.119
2014:05:30 16:00 3.52 227.21 41.19 232.42 0.182 9.93 0.73 23.50 0.29 558.29 0.595 11.27 4.51 0.958 0.962 0.014
2014:05:30 16:12 13.01 201.34 56.14 214.67 0.246 3.75 0.71 24.40 0.30 558.29 0.595 10.70 4.41 0.960 0.963 0.020
2014:06:01 10:15 44.76 219.15 61.16 203.29 0.530 3.22 0.72 35.58 0.30 558.29 0.595 12.28 4.69 0.955 0.959 0.038
2014:06:01 10:30 72.41 200.54 62.79 192.55 0.828 2.67 0.71 40.75 0.30 558.29 0.595 12.20 4.68 0.955 0.959 0.058
2014:06:01 10:45 150.59 167.18 69.79 142.20 1.465 1.57 0.69 45.93 0.30 558.29 0.595 11.67 4.58 0.956 0.960 0.100
2014:06:01 11:00 40.40 209.99 45.52 209.33 0.908 6.31 0.72 51.10 0.30 558.29 0.595 13.48 4.90 0.951 0.955 0.058
2014:06:01 11:15 5.54 223.78 39.88 220.83 0.182 10.08 0.73 47.65 0.29 558.29 0.595 13.56 4.91 0.950 0.955 0.012
2014:06:01 11:30 357.94 101.12 68.79 85.19 3.647 0.52 0.66 44.20 0.30 558.29 0.595 9.54 4.19 0.963 0.967 0.244
2014:06:01 11:45 99.18 175.45 55.65 172.09 1.484 2.91 0.70 40.75 0.30 558.29 0.595 11.37 4.53 0.957 0.961 0.104
2014:06:01 12:00 26.92 201.27 48.15 200.87 0.555 5.04 0.71 37.30 0.30 558.29 0.595 11.80 4.61 0.956 0.960 0.041
2014:06:01 12:15 63.10 171.98 56.42 166.72 0.933 2.75 0.70 39.93 0.30 558.29 0.595 11.20 4.50 0.958 0.962 0.069
2014:06:01 12:30 80.86 157.78 60.13 152.08 1.067 2.07 0.69 42.55 0.30 558.29 0.595 11.03 4.47 0.959 0.962 0.079
2014:06:01 12:45 113.85 150.15 62.63 146.29 1.403 1.73 0.68 45.18 0.30 558.29 0.595 11.05 4.47 0.958 0.962 0.101
2014:06:01 13:00 377.70 110.91 66.00 104.05 4.304 0.81 0.66 47.80 0.30 558.29 0.595 10.09 4.29 0.962 0.965 0.264
2014:06:01 13:15 185.05 140.28 62.63 138.28 2.330 1.55 0.68 48.63 0.30 558.29 0.595 11.04 4.47 0.958 0.962 0.156
2014:06:01 13:30 284.08 113.02 66.25 109.80 3.260 0.85 0.66 49.45 0.30 558.29 0.595 10.28 4.33 0.961 0.964 0.213
2014:06:01 13:45 62.21 179.63 54.05 181.40 1.075 3.40 0.70 50.28 0.30 558.29 0.595 12.40 4.71 0.954 0.958 0.072
2014:06:01 14:00 19.54 204.98 47.12 205.14 0.475 5.81 0.72 51.10 0.30 558.29 0.595 13.32 4.87 0.951 0.956 0.032
2014:06:01 14:15 76.58 146.84 63.66 148.99 0.961 1.63 0.68 51.10 0.30 558.29 0.595 11.46 4.55 0.957 0.961 0.070
2014:06:01 14:30 44.88 175.33 55.70 179.22 0.745 3.04 0.70 51.10 0.30 558.29 0.595 12.34 4.70 0.954 0.958 0.052
2014:06:01 14:45 114.84 149.62 61.37 155.71 1.576 1.86 0.68 51.10 0.30 558.29 0.595 11.54 4.56 0.957 0.961 0.108
2014:06:01 15:00 24.22 197.79 49.55 202.87 0.542 4.88 0.71 51.10 0.30 558.29 0.595 13.08 4.83 0.952 0.956 0.036
2014:06:01 15:15 22.23 193.50 50.61 200.53 0.476 4.47 0.71 52.00 0.30 558.29 0.595 13.03 4.82 0.952 0.956 0.032
2014:06:01 15:30 5.00 209.62 47.09 215.33 0.131 6.00 0.72 52.90 0.30 558.29 0.595 13.70 4.93 0.950 0.954 0.009
2014:06:01 15:45 10.12 205.84 48.10 212.94 0.251 5.53 0.72 53.80 0.30 558.29 0.595 13.66 4.93 0.950 0.955 0.017
2014:06:01 16:00 1.56 222.16 43.71 227.22 0.053 7.95 0.73 54.70 0.29 558.29 0.595 14.37 5.04 0.948 0.953 0.003
2014:06:01 16:12 -4.14 213.52 46.73 222.67 -0.114 6.18 0.72 52.98 0.30 558.29 0.595 13.84 4.96 0.950 0.954 -0.008
2014:06:02 10:15 -0.96 245.34 27.06 245.40 -0.115 31.66 0.74 36.48 0.29 558.29 0.595 12.93 4.81 0.952 0.957 -0.008
2014:06:02 10:30 -0.64 244.95 27.39 245.02 -0.070 28.28 0.74 35.65 0.29 558.29 0.595 12.83 4.79 0.953 0.957 -0.005
2014:06:02 10:45 -0.30 245.72 25.58 245.76 -0.061 39.11 0.74 34.83 0.29 558.29 0.595 12.75 4.77 0.953 0.957 -0.004
2014:06:02 11:00 -0.19 246.06 24.69 246.10 -0.057 46.05 0.74 34.00 0.29 558.29 0.595 12.67 4.76 0.953 0.957 -0.004
2014:06:02 11:15 -0.16 245.57 26.25 245.61 -0.022 34.98 0.74 33.10 0.29 558.29 0.595 12.58 4.75 0.954 0.958 -0.002
2014:06:02 11:30 -0.52 245.11 27.81 245.20 -0.048 28.04 0.74 32.20 0.29 558.29 0.595 12.50 4.73 0.954 0.958 -0.004
2014:06:02 11:45 -0.78 244.11 30.57 244.26 -0.046 19.68 0.74 31.30 0.29 558.29 0.595 12.41 4.71 0.954 0.958 -0.003
2014:06:02 12:00 0.62 240.87 34.91 241.16 0.023 12.78 0.74 30.40 0.29 558.29 0.595 12.25 4.69 0.955 0.959 0.002
2014:06:02 12:15 17.49 226.82 42.53 226.68 0.388 7.07 0.73 28.68 0.29 558.29 0.595 11.70 4.59 0.956 0.960 0.029
2014:06:02 12:30 59.23 189.62 54.17 188.68 0.823 3.18 0.71 26.95 0.30 558.29 0.595 10.54 4.38 0.960 0.964 0.065
2014:06:02 12:45 48.97 196.91 52.55 196.30 0.724 3.66 0.71 25.23 0.30 558.29 0.595 10.59 4.39 0.960 0.964 0.057
MATLAB Model Data - 05.21.14 to 06.13.14
Date & Time
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Table F.5. MATLAB Model Data from 05.21.14 to 06.13.14, Part 5 
 
Ptherm,s TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:06:02 13:45 148.42 177.61 58.52 177.24 1.886 2.55 0.70 21.03 0.30 558.29 0.595 9.75 4.23 0.963 0.966 0.144
2014:06:02 14:00 177.40 153.68 63.92 152.80 1.954 1.63 0.69 20.20 0.30 558.29 0.595 9.12 4.10 0.965 0.968 0.156
2014:06:02 14:15 132.60 174.50 58.64 176.14 1.711 2.50 0.70 18.48 0.30 558.29 0.595 9.44 4.17 0.964 0.967 0.136
2014:06:02 14:30 211.90 153.34 64.60 157.46 2.342 1.60 0.69 16.75 0.30 558.29 0.595 8.80 4.04 0.966 0.969 0.185
2014:06:02 14:45 327.42 138.82 67.10 142.81 3.439 1.22 0.68 15.03 0.30 558.29 0.595 8.30 3.94 0.967 0.970 0.257
2014:06:02 15:00 64.17 210.65 51.51 214.24 1.105 4.57 0.72 13.30 0.30 558.29 0.595 9.77 4.23 0.963 0.966 0.090
2014:06:02 15:15 9.10 243.45 37.02 243.57 0.396 14.31 0.74 13.30 0.29 558.29 0.595 10.61 4.39 0.960 0.963 0.032
2014:06:02 15:30 -0.09 237.60 38.80 238.85 -0.003 11.85 0.73 13.30 0.29 558.29 0.595 10.45 4.36 0.960 0.964 0.000
2014:06:02 15:45 45.11 198.69 57.44 206.72 0.632 3.29 0.71 13.30 0.30 558.29 0.595 9.50 4.18 0.964 0.967 0.055
2014:06:02 16:00 35.53 215.03 52.13 221.25 0.610 4.67 0.72 13.30 0.30 558.29 0.595 9.90 4.26 0.962 0.966 0.052
2014:06:02 16:12 13.98 231.64 44.26 234.07 0.359 7.83 0.73 15.03 0.29 558.29 0.595 10.52 4.37 0.960 0.964 0.030
2014:06:03 10:15 28.35 225.05 51.11 216.63 0.450 4.87 0.73 23.50 0.30 558.29 0.595 11.23 4.51 0.958 0.962 0.035
2014:06:03 10:30 111.45 188.02 69.34 186.09 1.055 1.91 0.71 23.50 0.30 558.29 0.595 10.30 4.33 0.961 0.964 0.083
2014:06:03 10:45 141.38 186.03 66.54 156.01 1.443 2.06 0.70 23.50 0.30 558.29 0.595 10.23 4.32 0.961 0.965 0.110
2014:06:03 11:00 227.18 148.59 69.26 142.74 2.203 1.26 0.68 23.50 0.30 558.29 0.595 9.29 4.14 0.964 0.967 0.169
2014:06:03 11:15 59.57 209.90 50.26 208.23 1.040 4.76 0.72 23.50 0.30 558.29 0.595 10.80 4.43 0.959 0.963 0.079
2014:06:03 11:30 62.62 190.40 55.97 187.36 0.891 3.23 0.71 23.50 0.30 558.29 0.595 10.30 4.33 0.961 0.964 0.071
2014:06:03 11:45 54.90 201.28 53.56 198.66 0.858 3.95 0.71 23.50 0.30 558.29 0.595 10.59 4.39 0.960 0.964 0.067
2014:06:03 12:00 31.77 211.01 48.63 208.04 0.612 5.45 0.72 23.50 0.30 558.29 0.595 10.84 4.43 0.959 0.963 0.048
2014:06:03 12:15 423.84 120.85 71.29 108.08 4.062 0.76 0.67 21.78 0.31 558.29 0.595 8.51 3.98 0.967 0.970 0.283
2014:06:03 12:30 105.47 191.70 56.97 189.50 1.506 3.27 0.71 20.05 0.30 558.29 0.595 10.04 4.28 0.962 0.965 0.116
2014:06:03 12:45 38.60 206.67 51.62 203.89 0.680 4.71 0.72 18.33 0.30 558.29 0.595 10.25 4.32 0.961 0.965 0.056
2014:06:03 13:00 449.47 121.26 70.45 111.25 4.498 0.81 0.67 16.60 0.30 558.29 0.595 8.09 3.89 0.968 0.971 0.313
2014:06:03 13:15 308.46 146.42 69.05 139.18 3.196 1.31 0.68 13.15 0.30 558.29 0.595 8.31 3.94 0.967 0.970 0.244
2014:06:03 13:30 587.79 114.23 70.57 104.90 5.989 0.71 0.66 9.70 0.30 558.29 0.595 7.18 3.70 0.971 0.974 0.397
2014:06:03 13:45 327.24 151.17 69.45 147.81 3.425 1.40 0.68 6.25 0.30 558.29 0.595 7.36 3.74 0.971 0.973 0.277
2014:06:03 14:00 109.69 204.12 59.47 206.95 1.532 3.46 0.72 2.80 0.30 558.29 0.595 7.50 3.77 0.970 0.973 0.147
2014:06:03 14:15 31.61 220.92 52.82 221.33 0.574 5.18 0.72 6.25 0.30 558.29 0.595 8.96 4.07 0.965 0.968 0.053
2014:06:03 14:30 84.97 193.15 60.62 191.86 1.166 3.00 0.71 9.70 0.30 558.29 0.595 8.92 4.06 0.965 0.969 0.102
2014:06:03 14:45 169.51 162.99 67.42 165.97 1.921 1.75 0.69 13.15 0.30 558.29 0.595 8.68 4.02 0.966 0.969 0.159
2014:06:03 15:00 334.70 139.64 68.83 143.92 3.715 1.25 0.68 16.60 0.30 558.29 0.595 8.51 3.98 0.967 0.970 0.267
2014:06:03 15:15 246.51 159.00 65.29 166.66 3.055 1.85 0.69 15.78 0.30 558.29 0.595 8.86 4.05 0.966 0.969 0.226
2014:06:03 15:30 148.91 179.22 62.45 187.99 2.037 2.53 0.70 14.95 0.30 558.29 0.595 9.25 4.13 0.964 0.968 0.159
2014:06:03 15:45 142.50 179.90 63.68 191.53 1.902 2.45 0.70 14.13 0.30 558.29 0.595 9.18 4.12 0.965 0.968 0.152
2014:06:03 16:00 46.91 212.07 53.03 219.14 0.950 4.91 0.72 13.30 0.30 558.29 0.595 9.86 4.25 0.962 0.966 0.078
2014:06:03 16:12 34.15 195.96 62.53 207.37 0.486 2.93 0.71 15.85 0.30 558.29 0.595 9.78 4.23 0.963 0.966 0.042
2014:06:04 10:14 16.63 224.27 47.59 211.18 0.303 5.64 0.73 55.53 0.30 558.29 0.595 14.54 5.07 0.947 0.952 0.019
2014:06:04 10:29 42.32 187.95 55.28 183.64 0.582 3.11 0.71 56.35 0.30 558.29 0.595 13.30 4.87 0.951 0.956 0.038
2014:06:04 10:37 60.10 183.76 55.63 178.76 0.821 3.00 0.70 57.18 0.30 558.29 0.595 13.25 4.86 0.951 0.956 0.053
2014:06:04 10:53 434.26 153.95 97.79 134.66 2.509 0.39 0.69 27.10 0.31 558.29 0.595 10.37 4.35 0.961 0.964 0.173
2014:06:04 11:08 574.55 141.35 93.40 134.03 3.556 0.31 0.68 26.20 0.31 558.29 0.595 9.88 4.25 0.962 0.966 0.234
2014:06:04 11:23 390.54 164.44 92.29 156.18 2.462 0.83 0.69 25.30 0.31 558.29 0.595 10.53 4.38 0.960 0.964 0.169
2014:06:04 11:38 302.57 177.98 91.75 173.74 1.929 1.21 0.70 24.40 0.31 558.29 0.595 10.87 4.44 0.959 0.963 0.135
2014:06:04 11:53 486.49 149.07 93.66 142.09 3.034 0.45 0.68 23.50 0.31 558.29 0.595 9.91 4.26 0.962 0.966 0.208
2014:06:04 12:08 729.82 131.04 91.14 125.03 4.781 0.22 0.67 23.50 0.31 558.29 0.595 9.33 4.15 0.964 0.967 0.298
2014:06:04 12:23 946.02 118.78 86.04 110.57 6.798 0.17 0.67 23.50 0.31 558.29 0.595 8.90 4.06 0.965 0.969 0.380
2014:06:04 12:38 511.69 154.01 92.21 149.98 3.314 0.63 0.69 23.50 0.31 558.29 0.595 10.06 4.29 0.962 0.965 0.219
2014:06:04 12:53 652.77 141.08 91.46 135.47 4.314 0.41 0.68 23.50 0.31 558.29 0.595 9.66 4.21 0.963 0.966 0.272
2014:06:04 13:08 633.21 140.98 92.34 136.34 4.147 0.38 0.68 24.40 0.31 558.29 0.595 9.74 4.23 0.963 0.966 0.264
2014:06:04 13:23 199.05 207.62 87.58 207.11 1.404 2.90 0.72 25.30 0.31 558.29 0.595 11.93 4.63 0.956 0.960 0.095
2014:06:04 13:38 37.26 245.23 77.28 245.25 0.317 17.49 0.74 26.20 0.31 558.29 0.595 13.28 4.86 0.951 0.956 0.021
2014:06:04 13:53 10.98 244.87 79.20 244.90 0.090 15.78 0.74 27.10 0.31 558.29 0.595 13.39 4.88 0.951 0.955 0.006
2014:06:04 14:08 3.96 245.90 77.47 245.94 0.034 24.57 0.74 26.20 0.31 558.29 0.595 13.32 4.87 0.951 0.956 0.002
2014:06:04 14:23 -1.28 244.52 80.82 244.56 -0.010 12.67 0.74 25.30 0.31 558.29 0.595 13.19 4.85 0.952 0.956 -0.001
2014:06:04 14:38 18.43 241.51 84.06 241.56 0.138 7.76 0.74 24.40 0.31 558.29 0.595 13.00 4.82 0.952 0.956 0.010
2014:06:04 14:53 15.61 244.09 81.31 244.17 0.123 11.03 0.74 23.50 0.31 558.29 0.595 12.97 4.81 0.952 0.957 0.009
2014:06:04 15:08 28.80 237.63 87.51 238.02 0.204 5.39 0.73 21.78 0.31 558.29 0.595 12.58 4.75 0.954 0.958 0.015
2014:06:04 15:23 37.57 240.09 85.37 240.27 0.276 6.49 0.74 20.05 0.31 558.29 0.595 12.46 4.72 0.954 0.958 0.020
2014:06:04 15:38 22.93 242.71 82.31 242.79 0.178 9.38 0.74 18.33 0.31 558.29 0.595 12.34 4.70 0.954 0.958 0.013
2014:06:04 15:53 3.04 245.04 80.08 245.08 0.025 14.09 0.74 16.60 0.31 558.29 0.595 12.20 4.68 0.955 0.959 0.002
2014:06:05 09:53 -28.13 246.23 72.02 246.21 -0.240 31.37 0.74 16.60 0.31 558.29 0.595 12.08 4.66 0.955 0.959 -0.019
2014:06:05 10:08 -29.73 246.11 72.43 246.11 -0.252 30.13 0.74 19.23 0.31 558.29 0.595 12.39 4.71 0.954 0.958 -0.019
2014:06:05 10:23 -40.98 246.86 71.17 246.85 -0.356 81.32 0.74 21.85 0.31 558.29 0.595 12.72 4.77 0.953 0.957 -0.026
2014:06:05 10:38 -44.00 246.83 71.36 246.79 -0.380 94.75 0.74 24.48 0.31 558.29 0.595 13.02 4.82 0.952 0.956 -0.028
2014:06:05 10:53 -44.73 246.79 71.69 246.79 -0.383 88.88 0.74 27.10 0.31 558.29 0.595 13.32 4.87 0.951 0.956 -0.027
2014:06:05 11:08 -43.13 246.81 71.90 246.82 -0.367 86.23 0.74 26.20 0.31 558.29 0.595 13.22 4.85 0.952 0.956 -0.026
2014:06:05 11:23 -44.85 246.85 72.05 246.82 -0.380 99.60 0.74 25.30 0.31 558.29 0.595 13.13 4.84 0.952 0.956 -0.027
2014:06:05 11:38 -50.27 246.99 72.13 246.98 -0.425 158.65 0.74 24.40 0.31 558.29 0.595 13.04 4.82 0.952 0.956 -0.031
2014:06:05 11:53 -54.69 247.06 72.45 247.04 -0.458 181.95 0.74 23.50 0.31 558.29 0.595 12.95 4.81 0.952 0.957 -0.034
2014:06:05 12:08 -59.55 247.02 72.98 247.03 -0.493 152.90 0.74 23.50 0.31 558.29 0.595 12.95 4.81 0.952 0.957 -0.036
MATLAB Model Data - 05.21.14 to 06.13.14
Date & Time
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Table F.6. MATLAB Model Data from 05.21.14 to 06.13.14, Part 6 
 
Ptherm,s TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:06:05 13:08 -53.07 245.84 76.75 245.88 -0.406 27.37 0.74 24.40 0.31 558.29 0.595 13.07 4.83 0.952 0.956 -0.030
2014:06:05 13:23 -48.09 244.57 80.25 244.65 -0.345 13.33 0.74 25.30 0.31 558.29 0.595 13.16 4.84 0.952 0.956 -0.025
2014:06:05 13:38 -27.65 240.08 85.65 240.32 -0.182 6.48 0.74 26.20 0.31 558.29 0.595 13.14 4.84 0.952 0.956 -0.013
2014:06:05 13:53 19.62 235.88 87.73 236.18 0.125 4.96 0.73 27.10 0.31 558.29 0.595 13.11 4.84 0.952 0.956 0.009
2014:06:05 14:08 33.92 238.07 86.14 238.29 0.222 5.65 0.73 26.20 0.31 558.29 0.595 13.08 4.83 0.952 0.956 0.015
2014:06:05 14:23 31.02 241.35 84.22 241.43 0.209 7.00 0.74 25.30 0.31 558.29 0.595 13.09 4.83 0.952 0.956 0.014
2014:06:05 14:38 17.43 242.60 83.41 242.69 0.119 7.97 0.74 24.40 0.31 558.29 0.595 13.03 4.82 0.952 0.956 0.008
2014:06:05 14:53 13.81 242.50 83.86 242.58 0.094 7.66 0.74 23.50 0.31 558.29 0.595 12.93 4.80 0.952 0.957 0.007
2014:06:05 15:08 16.16 240.76 85.43 240.92 0.107 6.42 0.74 21.78 0.31 558.29 0.595 12.68 4.76 0.953 0.957 0.008
2014:06:05 15:23 43.00 235.06 88.03 235.41 0.275 4.65 0.73 20.05 0.31 558.29 0.595 12.30 4.70 0.954 0.958 0.020
2014:06:05 15:38 41.12 238.40 86.93 238.60 0.268 5.27 0.73 18.33 0.31 558.29 0.595 12.21 4.68 0.955 0.959 0.020
2014:06:05 15:53 44.09 239.12 86.63 239.31 0.290 5.41 0.74 16.60 0.31 558.29 0.595 12.03 4.65 0.955 0.959 0.021
2014:06:06 09:53 6.55 245.19 73.93 245.20 0.052 15.04 0.74 16.60 0.31 558.29 0.595 12.05 4.65 0.955 0.959 0.004
2014:06:06 10:08 -5.23 244.66 75.48 244.70 -0.041 12.87 0.74 19.23 0.31 558.29 0.595 12.36 4.71 0.954 0.958 -0.003
2014:06:06 10:23 -0.52 244.14 76.54 244.17 -0.004 11.20 0.74 21.85 0.31 558.29 0.595 12.65 4.76 0.953 0.957 0.000
2014:06:06 10:38 11.25 243.42 77.44 243.51 0.085 9.86 0.74 24.48 0.31 558.29 0.595 12.93 4.80 0.952 0.957 0.006
2014:06:06 10:53 6.09 245.00 74.87 245.04 0.048 15.28 0.74 27.10 0.31 558.29 0.595 13.27 4.86 0.951 0.956 0.003
2014:06:06 11:08 -5.90 244.29 77.42 244.38 -0.045 11.16 0.74 26.20 0.31 558.29 0.595 13.16 4.84 0.952 0.956 -0.003
2014:06:06 11:23 5.18 243.62 78.18 243.69 0.039 9.95 0.74 25.30 0.31 558.29 0.595 13.05 4.82 0.952 0.956 0.003
2014:06:06 11:38 17.63 242.35 79.67 242.37 0.129 8.21 0.74 24.40 0.31 558.29 0.595 12.91 4.80 0.952 0.957 0.009
2014:06:06 11:53 21.40 243.67 78.08 243.69 0.161 10.05 0.74 23.50 0.31 558.29 0.595 12.86 4.79 0.953 0.957 0.011
2014:06:06 12:08 11.08 243.36 78.98 243.40 0.082 9.57 0.74 23.50 0.31 558.29 0.595 12.86 4.79 0.953 0.957 0.006
2014:06:06 12:23 7.21 242.77 80.21 242.85 0.052 8.60 0.74 23.50 0.31 558.29 0.595 12.85 4.79 0.953 0.957 0.004
2014:06:06 12:38 22.43 242.26 80.59 242.34 0.163 8.10 0.74 23.50 0.31 558.29 0.595 12.84 4.79 0.953 0.957 0.011
2014:06:06 12:53 20.65 242.92 80.39 243.00 0.150 8.58 0.74 23.50 0.31 558.29 0.595 12.87 4.79 0.953 0.957 0.011
2014:06:06 13:08 37.58 232.80 87.24 233.13 0.246 4.37 0.73 24.40 0.31 558.29 0.595 12.66 4.76 0.953 0.957 0.017
2014:06:06 13:23 93.36 225.89 88.59 226.32 0.600 3.58 0.73 25.30 0.31 558.29 0.595 12.54 4.74 0.954 0.958 0.042
2014:06:06 13:38 118.46 223.08 89.58 223.65 0.752 3.27 0.73 26.20 0.31 558.29 0.595 12.56 4.74 0.954 0.958 0.051
2014:06:06 13:53 147.61 221.10 89.14 221.76 0.948 3.28 0.72 27.10 0.31 558.29 0.595 12.60 4.75 0.953 0.958 0.064
2014:06:06 14:08 108.26 226.90 88.97 227.51 0.699 3.72 0.73 26.20 0.31 558.29 0.595 12.71 4.77 0.953 0.957 0.048
2014:06:06 14:23 97.97 233.85 86.24 234.25 0.663 4.94 0.73 25.30 0.31 558.29 0.595 12.84 4.79 0.953 0.957 0.045
2014:06:06 14:38 86.80 228.47 89.19 228.96 0.563 3.84 0.73 24.40 0.31 558.29 0.595 12.57 4.74 0.954 0.958 0.039
2014:06:06 14:53 54.14 242.33 82.31 242.47 0.394 8.31 0.74 23.50 0.31 558.29 0.595 12.91 4.80 0.952 0.957 0.027
2014:06:06 15:08 9.01 245.58 78.78 245.63 0.070 16.90 0.74 21.78 0.31 558.29 0.595 12.82 4.79 0.953 0.957 0.005
2014:06:06 15:23 -19.80 245.52 79.81 245.55 -0.151 16.35 0.74 20.05 0.31 558.29 0.595 12.62 4.75 0.953 0.958 -0.011
2014:06:06 15:38 -31.00 244.89 81.49 244.94 -0.230 12.77 0.74 18.33 0.31 558.29 0.595 12.40 4.71 0.954 0.958 -0.017
2014:06:06 15:53 -36.27 245.89 79.63 245.92 -0.279 19.18 0.74 16.60 0.31 558.29 0.595 12.22 4.68 0.955 0.959 -0.021
2014:06:07 09:53 -26.05 247.12 69.05 247.11 -0.235 336.45 0.74 54.70 0.30 558.29 0.595 16.76 5.42 0.940 0.946 -0.013
2014:06:07 10:08 -40.11 247.14 69.21 247.14 -0.358 359.68 0.74 50.28 0.30 558.29 0.595 16.11 5.32 0.942 0.948 -0.021
2014:06:07 10:23 -31.81 247.14 68.83 247.13 -0.285 251.55 0.74 45.85 0.30 558.29 0.595 15.50 5.23 0.944 0.949 -0.017
2014:06:07 10:38 -38.36 246.88 69.48 246.90 -0.337 87.78 0.74 41.43 0.30 558.29 0.595 14.93 5.13 0.946 0.951 -0.022
2014:06:07 10:53 -36.88 244.52 73.77 244.72 -0.297 15.92 0.74 37.00 0.31 558.29 0.595 14.32 5.04 0.948 0.953 -0.020
2014:06:07 11:08 -15.54 245.72 71.32 245.74 -0.131 27.89 0.74 39.70 0.31 558.29 0.595 14.69 5.10 0.947 0.952 -0.008
2014:06:07 11:23 -39.26 246.36 71.18 246.38 -0.332 47.81 0.74 42.40 0.31 558.29 0.595 15.06 5.15 0.946 0.951 -0.021
2014:06:07 11:38 -34.43 245.21 73.53 245.25 -0.278 23.00 0.74 45.10 0.31 558.29 0.595 15.38 5.21 0.945 0.950 -0.017
2014:06:07 11:53 -15.68 245.03 73.88 245.10 -0.126 21.03 0.74 47.80 0.31 558.29 0.595 15.75 5.26 0.944 0.949 -0.008
2014:06:07 12:08 -4.71 243.19 77.52 243.23 -0.035 11.84 0.74 50.35 0.31 558.29 0.595 16.07 5.31 0.943 0.948 -0.002
2014:06:07 12:23 17.29 238.63 79.73 238.63 0.125 8.90 0.74 52.90 0.31 558.29 0.595 16.26 5.34 0.942 0.947 0.007
2014:06:07 12:38 53.97 224.93 85.23 225.00 0.358 4.59 0.73 55.45 0.31 558.29 0.595 16.07 5.31 0.943 0.948 0.020
2014:06:07 12:53 375.77 149.70 94.06 147.60 2.204 0.32 0.68 58.00 0.31 558.29 0.595 13.17 4.85 0.952 0.956 0.130
2014:06:07 13:08 391.46 163.56 91.57 163.84 2.391 0.79 0.69 56.28 0.31 558.29 0.595 13.57 4.91 0.950 0.955 0.135
2014:06:07 13:23 1448.32 106.10 64.68 101.86 4.573 -0.25 0.66 54.55 0.31 558.29 0.595 10.79 4.42 0.959 0.963 0.508
2014:06:07 13:38 632.20 136.75 89.45 139.26 4.052 0.25 0.68 52.83 0.31 558.29 0.595 12.06 4.65 0.955 0.959 0.224
2014:06:07 13:53 382.63 169.17 91.49 170.78 2.379 0.99 0.69 51.10 0.31 558.29 0.595 13.24 4.86 0.951 0.956 0.138
2014:06:07 14:08 283.13 172.37 95.00 176.30 1.678 0.89 0.70 55.45 0.31 558.29 0.595 13.91 4.97 0.949 0.954 0.098
2014:06:07 14:23 126.97 221.64 85.77 223.47 0.868 5.34 0.73 59.80 0.31 558.29 0.595 16.70 5.41 0.941 0.946 0.046
2014:06:07 14:38 53.39 213.79 88.10 216.24 0.351 4.67 0.72 64.15 0.31 558.29 0.595 17.05 5.46 0.940 0.945 0.019
2014:06:07 14:53 532.89 144.11 93.96 152.48 3.255 0.20 0.68 68.50 0.31 558.29 0.595 14.33 5.04 0.948 0.953 0.167
2014:06:07 15:08 331.40 171.85 92.47 181.19 2.067 1.10 0.70 65.05 0.31 558.29 0.595 15.17 5.17 0.945 0.950 0.109
2014:06:07 15:23 300.56 184.93 88.42 193.53 2.007 2.00 0.70 61.60 0.31 558.29 0.595 15.24 5.18 0.945 0.950 0.106
2014:06:07 15:38 54.86 244.28 78.83 244.35 0.430 17.07 0.74 58.15 0.31 558.29 0.595 17.45 5.52 0.938 0.944 0.022
2014:06:07 15:53 13.61 243.39 80.66 243.51 0.104 11.94 0.74 54.70 0.31 558.29 0.595 16.84 5.43 0.940 0.946 0.006
2014:06:08 09:53 49.92 228.48 83.54 227.51 0.331 3.87 0.73 5.80 0.31 558.29 0.595 9.81 4.24 0.962 0.966 0.029
2014:06:08 10:08 75.79 230.78 87.30 229.38 0.475 3.16 0.73 7.68 0.31 558.29 0.595 10.31 4.33 0.961 0.964 0.039
2014:06:08 10:23 109.15 221.12 89.92 213.97 0.660 2.44 0.72 9.55 0.31 558.29 0.595 10.37 4.35 0.961 0.964 0.054
2014:06:08 10:38 116.29 219.43 87.28 218.47 0.734 2.75 0.72 11.43 0.31 558.29 0.595 10.61 4.39 0.960 0.963 0.058
2014:06:08 10:53 110.50 222.87 86.14 222.48 0.712 3.09 0.73 13.30 0.31 558.29 0.595 10.96 4.46 0.959 0.962 0.055
2014:06:08 11:08 128.36 217.03 88.19 216.26 0.805 2.60 0.72 14.13 0.31 558.29 0.595 10.91 4.45 0.959 0.963 0.062
2014:06:08 11:23 89.25 231.14 83.72 231.15 0.602 4.18 0.73 14.95 0.31 558.29 0.595 11.44 4.54 0.957 0.961 0.045
2014:06:08 11:38 145.21 211.28 90.71 210.61 0.884 2.17 0.72 15.78 0.31 558.29 0.595 10.97 4.46 0.959 0.962 0.067
MATLAB Model Data - 05.21.14 to 06.13.14
Date & Time
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Table F.7. MATLAB Model Data from 05.21.14 to 06.13.14, Part 7 
 
Ptherm,s TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:06:08 12:38 57.66 232.17 85.40 232.37 0.387 4.19 0.73 16.60 0.31 558.29 0.595 11.70 4.59 0.956 0.960 0.029
2014:06:08 12:53 34.10 238.09 83.39 238.34 0.237 5.30 0.73 16.60 0.31 558.29 0.595 11.88 4.62 0.956 0.960 0.018
2014:06:08 13:08 29.91 238.05 83.83 238.26 0.207 5.23 0.73 17.50 0.31 558.29 0.595 12.00 4.64 0.955 0.959 0.015
2014:06:08 13:23 28.02 237.03 84.72 237.24 0.191 4.94 0.73 18.40 0.31 558.29 0.595 12.08 4.66 0.955 0.959 0.014
2014:06:08 13:38 34.75 235.41 85.17 235.71 0.236 4.72 0.73 19.30 0.31 558.29 0.595 12.13 4.67 0.955 0.959 0.017
2014:06:08 13:53 38.19 235.88 85.02 236.20 0.261 4.84 0.73 20.20 0.31 558.29 0.595 12.26 4.69 0.955 0.959 0.019
2014:06:08 14:08 37.72 236.18 84.63 236.42 0.260 5.00 0.73 20.20 0.31 558.29 0.595 12.26 4.69 0.955 0.959 0.019
2014:06:08 14:23 29.72 239.60 82.90 239.79 0.211 5.98 0.74 20.20 0.31 558.29 0.595 12.37 4.71 0.954 0.958 0.015
2014:06:08 14:38 13.19 241.36 82.47 241.54 0.095 6.52 0.74 20.20 0.31 558.29 0.595 12.43 4.72 0.954 0.958 0.007
2014:06:08 14:53 3.95 240.09 83.84 240.21 0.028 5.85 0.74 20.20 0.31 558.29 0.595 12.39 4.71 0.954 0.958 0.002
2014:06:08 15:08 9.28 239.52 83.71 239.73 0.065 5.83 0.74 20.20 0.31 558.29 0.595 12.37 4.71 0.954 0.958 0.005
2014:06:08 15:23 13.51 238.81 83.97 239.13 0.095 5.63 0.74 20.20 0.31 558.29 0.595 12.35 4.70 0.954 0.958 0.007
2014:06:08 15:38 36.87 230.74 86.80 231.75 0.248 4.10 0.73 20.20 0.31 558.29 0.595 12.09 4.66 0.955 0.959 0.018
2014:06:08 15:53 32.85 240.37 81.80 240.54 0.241 6.62 0.74 20.20 0.31 558.29 0.595 12.39 4.71 0.954 0.958 0.017
2014:06:09 09:53 38.03 242.16 77.63 242.22 0.283 9.78 0.74 44.20 0.31 558.29 0.595 15.20 5.18 0.945 0.950 0.017
2014:06:09 10:08 25.42 243.91 75.26 244.02 0.198 13.08 0.74 44.20 0.31 558.29 0.595 15.24 5.18 0.945 0.950 0.012
2014:06:09 10:23 5.68 245.93 71.75 245.97 0.047 26.50 0.74 44.20 0.31 558.29 0.595 15.28 5.19 0.945 0.950 0.003
2014:06:09 10:38 13.84 236.26 79.57 236.34 0.100 6.65 0.73 44.20 0.31 558.29 0.595 14.91 5.13 0.946 0.951 0.006
2014:06:09 10:53 39.36 241.35 75.81 241.45 0.306 9.04 0.74 44.20 0.31 558.29 0.595 15.08 5.16 0.946 0.951 0.018
2014:06:09 11:08 33.57 240.49 77.10 240.54 0.255 8.14 0.74 44.20 0.31 558.29 0.595 15.06 5.15 0.946 0.951 0.015
2014:06:09 11:23 41.97 234.91 79.93 235.10 0.304 6.02 0.73 44.20 0.31 558.29 0.595 14.85 5.12 0.946 0.951 0.019
2014:06:09 11:38 51.70 234.99 79.10 235.23 0.382 6.49 0.73 44.20 0.31 558.29 0.595 14.85 5.12 0.946 0.951 0.023
2014:06:09 11:53 51.84 233.75 79.57 233.91 0.381 6.28 0.73 44.20 0.31 558.29 0.595 14.81 5.12 0.946 0.951 0.023
2014:06:09 12:08 28.05 244.32 72.85 244.41 0.234 16.63 0.74 42.48 0.31 558.29 0.595 14.99 5.14 0.946 0.951 0.014
2014:06:09 12:23 -2.34 244.15 74.63 244.21 -0.019 13.98 0.74 40.75 0.31 558.29 0.595 14.78 5.11 0.947 0.951 -0.001
2014:06:09 12:38 0.36 244.81 73.26 244.86 0.003 17.74 0.74 39.03 0.31 558.29 0.595 14.59 5.08 0.947 0.952 0.000
2014:06:09 12:53 -15.19 246.27 70.91 246.29 -0.132 39.43 0.74 37.30 0.31 558.29 0.595 14.43 5.05 0.948 0.952 -0.009
2014:06:09 13:08 -23.86 246.37 71.27 246.39 -0.206 46.92 0.74 39.93 0.31 558.29 0.595 14.77 5.11 0.947 0.951 -0.013
2014:06:09 13:23 -35.94 244.53 76.12 244.60 -0.282 14.67 0.74 42.55 0.31 558.29 0.595 15.06 5.15 0.946 0.951 -0.018
2014:06:09 13:38 3.00 234.74 83.73 234.96 0.021 5.37 0.73 45.18 0.31 558.29 0.595 15.04 5.15 0.946 0.951 0.001
2014:06:09 13:53 45.41 232.74 82.30 233.09 0.321 5.73 0.73 47.80 0.31 558.29 0.595 15.29 5.19 0.945 0.950 0.019
2014:06:09 14:08 72.57 226.80 83.84 227.58 0.501 4.58 0.73 46.08 0.31 558.29 0.595 14.83 5.12 0.946 0.951 0.030
2014:06:09 14:23 28.76 244.24 74.49 244.30 0.235 16.96 0.74 44.35 0.31 558.29 0.595 15.29 5.19 0.945 0.950 0.014
2014:06:09 14:38 0.50 243.42 77.37 243.43 0.004 11.73 0.74 42.63 0.31 558.29 0.595 15.05 5.15 0.946 0.951 0.000
2014:06:09 14:53 -1.02 245.45 73.76 245.51 -0.008 23.61 0.74 40.90 0.31 558.29 0.595 14.90 5.13 0.946 0.951 -0.001
2014:06:09 15:08 -19.23 245.40 74.32 245.44 -0.158 20.99 0.74 38.28 0.31 558.29 0.595 14.57 5.08 0.947 0.952 -0.010
2014:06:09 15:23 -16.33 245.80 72.95 245.83 -0.138 26.50 0.74 35.65 0.31 558.29 0.595 14.25 5.03 0.948 0.953 -0.009
2014:06:09 15:38 -24.93 246.63 70.86 246.63 -0.220 60.25 0.74 33.03 0.31 558.29 0.595 13.96 4.98 0.949 0.954 -0.015
2014:06:09 15:53 -45.87 246.28 71.72 246.33 -0.396 42.94 0.74 30.40 0.31 558.29 0.595 13.64 4.92 0.950 0.955 -0.028
2014:06:10 09:53 44.63 242.29 78.17 242.27 0.328 8.94 0.74 27.10 0.31 558.29 0.595 13.20 4.85 0.952 0.956 0.022
2014:06:10 10:08 43.84 237.93 83.04 236.93 0.298 5.61 0.73 27.10 0.31 558.29 0.595 13.08 4.83 0.952 0.956 0.020
2014:06:10 10:23 90.21 224.21 90.81 221.98 0.546 2.81 0.73 27.10 0.31 558.29 0.595 12.65 4.76 0.953 0.958 0.038
2014:06:10 10:38 219.04 205.61 100.47 196.17 1.170 1.28 0.72 27.10 0.31 558.29 0.595 12.07 4.66 0.955 0.959 0.080
2014:06:10 10:53 344.28 179.37 101.49 156.16 1.827 0.69 0.70 27.10 0.32 558.29 0.595 11.22 4.50 0.958 0.962 0.126
2014:06:10 11:08 438.95 164.12 95.97 160.00 2.521 0.60 0.69 25.38 0.31 558.29 0.595 10.55 4.38 0.960 0.964 0.172
2014:06:10 11:23 329.87 179.64 94.58 170.92 1.937 1.01 0.70 23.65 0.31 558.29 0.595 10.87 4.44 0.959 0.963 0.135
2014:06:10 11:38 787.33 126.76 90.32 123.69 4.982 0.13 0.67 21.93 0.31 558.29 0.595 9.06 4.09 0.965 0.968 0.312
2014:06:10 11:53 257.53 192.44 89.06 189.33 1.653 1.78 0.71 20.20 0.31 558.29 0.595 10.89 4.44 0.959 0.963 0.118
2014:06:10 12:08 88.15 230.56 81.62 229.05 0.638 5.58 0.73 20.20 0.31 558.29 0.595 12.07 4.66 0.955 0.959 0.046
2014:06:10 12:23 33.66 238.09 84.08 238.17 0.234 5.63 0.73 20.20 0.31 558.29 0.595 12.34 4.70 0.954 0.958 0.017
2014:06:10 12:38 307.63 152.63 102.96 148.21 1.638 0.17 0.69 20.20 0.32 558.29 0.595 9.77 4.23 0.963 0.966 0.127
2014:06:10 12:53 -993.75 101.88 191.91 88.54 -2.457 -1.03 0.66 20.20 0.34 558.29 0.595 8.23 3.92 0.968 0.971 -0.373
2014:06:10 13:08 -1163.52 100.47 200.38 92.34 -2.674 -1.05 0.65 24.40 0.34 558.29 0.595 8.47 3.97 0.967 0.970 -0.422
2014:06:10 13:23 389.14 182.47 90.79 181.43 2.491 1.40 0.70 28.60 0.31 558.29 0.595 11.44 4.54 0.957 0.961 0.160
2014:06:10 13:38 72.28 232.57 83.45 232.81 0.521 6.14 0.73 32.80 0.31 558.29 0.595 13.58 4.91 0.950 0.955 0.034
2014:06:10 13:53 -62.59 245.84 79.41 245.87 -0.481 20.89 0.74 37.00 0.31 558.29 0.595 14.56 5.08 0.947 0.952 -0.032
2014:06:10 14:08 -119.80 241.05 87.47 241.06 -0.805 6.93 0.74 35.35 0.31 558.29 0.595 14.22 5.02 0.948 0.953 -0.056
2014:06:10 14:23 -65.46 233.56 90.56 234.01 -0.418 4.36 0.73 33.70 0.31 558.29 0.595 13.76 4.94 0.950 0.954 -0.029
2014:06:10 14:38 9.38 174.49 106.38 179.02 0.048 0.43 0.70 32.05 0.32 558.29 0.595 11.57 4.57 0.957 0.961 0.004
2014:06:10 14:53 205.37 175.89 98.43 180.69 1.176 0.81 0.70 30.40 0.31 558.29 0.595 11.43 4.54 0.957 0.961 0.084
2014:06:10 15:08 640.65 132.87 94.06 139.99 3.957 0.11 0.67 34.75 0.31 558.29 0.595 10.30 4.33 0.961 0.964 0.246
2014:06:10 15:23 258.62 186.43 91.79 191.83 1.643 1.52 0.70 39.10 0.31 558.29 0.595 12.59 4.75 0.954 0.958 0.104
2014:06:10 15:38 120.06 208.51 89.06 212.38 0.796 2.76 0.72 43.45 0.31 558.29 0.595 13.86 4.96 0.949 0.954 0.050
2014:06:10 15:53 52.79 228.90 84.52 230.48 0.376 5.15 0.73 47.80 0.31 558.29 0.595 15.19 5.18 0.945 0.950 0.022
2014:06:11 09:53 -26.97 245.25 71.27 245.30 -0.220 17.25 0.74 23.50 0.31 558.29 0.595 12.77 4.78 0.953 0.957 -0.016
2014:06:11 10:08 -28.56 245.38 71.58 245.43 -0.232 17.21 0.74 24.40 0.31 558.29 0.595 12.88 4.80 0.953 0.957 -0.017
2014:06:11 10:23 -34.12 244.13 74.29 244.24 -0.264 11.71 0.74 25.30 0.31 558.29 0.595 12.96 4.81 0.952 0.957 -0.019
2014:06:11 10:38 -18.49 243.61 74.98 243.63 -0.141 10.41 0.74 26.20 0.31 558.29 0.595 13.05 4.82 0.952 0.956 -0.010
2014:06:11 10:53 -29.99 243.48 76.37 243.55 -0.224 9.40 0.74 27.10 0.31 558.29 0.595 13.15 4.84 0.952 0.956 -0.016
2014:06:11 11:08 -31.38 234.09 82.67 234.12 -0.211 5.14 0.73 27.10 0.31 558.29 0.595 12.88 4.80 0.953 0.957 -0.015
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Table F.8. MATLAB Model Data from 05.21.14 to 06.13.14, Part 8 
 
Ptherm,s TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:06:11 12:08 87.67 226.93 85.27 226.82 0.574 3.94 0.73 26.20 0.31 558.29 0.595 12.61 4.75 0.953 0.958 0.040
2014:06:11 12:23 72.13 210.11 92.66 210.20 0.425 2.09 0.72 25.30 0.31 558.29 0.595 11.98 4.64 0.955 0.959 0.031
2014:06:11 12:38 102.92 204.72 94.05 204.89 0.597 1.76 0.72 24.40 0.31 558.29 0.595 11.72 4.59 0.956 0.960 0.044
2014:06:11 12:53 269.50 174.56 97.89 173.65 1.493 0.73 0.70 23.50 0.31 558.29 0.595 10.71 4.41 0.960 0.963 0.110
2014:06:11 13:08 279.13 186.54 92.27 186.74 1.674 1.31 0.70 25.23 0.31 558.29 0.595 11.22 4.50 0.958 0.962 0.116
2014:06:11 13:23 132.24 219.77 86.60 219.50 0.867 3.26 0.72 26.95 0.31 558.29 0.595 12.45 4.72 0.954 0.958 0.059
2014:06:11 13:38 38.60 243.59 77.49 243.63 0.294 10.28 0.74 28.68 0.31 558.29 0.595 13.43 4.89 0.951 0.955 0.020
2014:06:11 13:53 -12.49 243.51 79.11 243.71 -0.093 9.89 0.74 30.40 0.31 558.29 0.595 13.63 4.92 0.950 0.955 -0.006
2014:06:11 14:08 146.80 185.98 95.30 187.54 0.852 1.17 0.70 32.05 0.31 558.29 0.595 11.87 4.62 0.956 0.960 0.061
2014:06:11 14:23 43.04 241.35 79.41 241.57 0.320 8.50 0.74 33.70 0.31 558.29 0.595 13.93 4.97 0.949 0.954 0.021
2014:06:11 14:38 0.90 241.00 81.86 241.24 0.006 7.46 0.74 35.35 0.31 558.29 0.595 14.13 5.01 0.949 0.953 0.000
2014:06:11 14:53 0.57 242.81 80.21 242.94 0.004 9.31 0.74 37.00 0.31 558.29 0.595 14.39 5.05 0.948 0.952 0.000
2014:06:11 15:08 4.91 223.77 88.38 226.37 0.032 3.63 0.73 34.53 0.31 558.29 0.595 13.42 4.89 0.951 0.955 0.002
2014:06:11 15:23 96.56 209.16 89.69 212.22 0.615 2.52 0.72 32.05 0.31 558.29 0.595 12.64 4.75 0.953 0.958 0.042
2014:06:11 15:38 3.97 243.00 79.26 243.17 0.030 9.40 0.74 29.58 0.31 558.29 0.595 13.52 4.90 0.951 0.955 0.002
2014:06:11 15:53 -18.60 238.18 84.58 238.68 -0.129 5.54 0.73 27.10 0.31 558.29 0.595 13.09 4.83 0.952 0.956 -0.009
2014:06:12 09:53 37.13 222.73 84.75 221.29 0.241 3.74 0.73 23.50 0.31 558.29 0.595 12.14 4.67 0.955 0.959 0.018
2014:06:12 10:08 98.30 230.05 85.98 228.85 0.628 3.61 0.73 23.50 0.31 558.29 0.595 12.40 4.71 0.954 0.958 0.044
2014:06:12 10:23 143.15 216.12 91.76 206.56 0.844 2.20 0.72 23.50 0.31 558.29 0.595 11.97 4.64 0.955 0.959 0.060
2014:06:12 10:38 91.71 235.52 81.76 235.36 0.631 5.36 0.73 23.50 0.31 558.29 0.595 12.58 4.75 0.954 0.958 0.043
2014:06:12 10:53 44.55 242.60 78.58 242.66 0.325 8.70 0.74 23.50 0.31 558.29 0.595 12.82 4.79 0.953 0.957 0.023
2014:06:12 11:08 24.01 239.31 81.70 239.29 0.167 6.52 0.74 21.78 0.31 558.29 0.595 12.53 4.74 0.954 0.958 0.012
2014:06:12 11:23 59.21 230.31 86.04 230.25 0.385 4.05 0.73 20.05 0.31 558.29 0.595 12.06 4.65 0.955 0.959 0.028
2014:06:12 11:38 39.14 238.58 83.38 238.60 0.266 5.49 0.73 18.33 0.31 558.29 0.595 12.12 4.67 0.955 0.959 0.020
2014:06:12 11:53 47.14 227.90 88.54 227.86 0.296 3.42 0.73 16.60 0.31 558.29 0.595 11.60 4.57 0.957 0.961 0.023
2014:06:12 12:08 40.51 238.37 82.03 238.59 0.283 6.05 0.73 26.13 0.31 558.29 0.595 12.98 4.81 0.952 0.957 0.020
2014:06:12 12:23 60.58 231.88 83.49 232.08 0.414 4.87 0.73 35.65 0.31 558.29 0.595 13.79 4.95 0.950 0.954 0.027
2014:06:12 12:38 133.34 204.34 88.14 204.34 0.852 2.39 0.72 45.18 0.31 558.29 0.595 13.83 4.96 0.950 0.954 0.053
2014:06:12 12:53 40.54 244.24 73.05 244.27 0.337 18.55 0.74 54.70 0.31 558.29 0.595 16.69 5.41 0.941 0.946 0.018
2014:06:12 13:08 -42.85 246.18 71.97 246.18 -0.365 43.19 0.74 50.35 0.31 558.29 0.595 16.12 5.32 0.942 0.948 -0.022
2014:06:12 13:23 -67.11 245.93 72.46 245.95 -0.566 37.82 0.74 46.00 0.31 558.29 0.595 15.51 5.23 0.944 0.949 -0.035
2014:06:12 13:38 -50.25 245.90 71.94 245.93 -0.425 31.70 0.74 41.65 0.31 558.29 0.595 14.94 5.14 0.946 0.951 -0.027
2014:06:12 13:53 -49.15 245.19 72.79 245.22 -0.408 21.23 0.74 37.30 0.31 558.29 0.595 14.37 5.04 0.948 0.953 -0.027
2014:06:12 14:08 -41.92 245.13 73.11 245.22 -0.345 18.97 0.74 32.13 0.31 558.29 0.595 13.78 4.95 0.950 0.954 -0.024
2014:06:12 14:23 -34.60 244.47 74.59 244.56 -0.276 13.85 0.74 26.95 0.31 558.29 0.595 13.18 4.85 0.952 0.956 -0.020
2014:06:12 14:38 -26.70 244.61 74.40 244.62 -0.214 13.85 0.74 21.78 0.31 558.29 0.595 12.61 4.75 0.953 0.958 -0.016
2014:06:12 14:53 -27.51 244.98 73.81 245.05 -0.223 15.50 0.74 16.60 0.31 558.29 0.595 12.02 4.65 0.955 0.959 -0.017
2014:06:12 15:08 -31.59 244.90 73.67 244.96 -0.257 16.16 0.74 21.70 0.31 558.29 0.595 12.61 4.75 0.953 0.958 -0.019
2014:06:12 15:23 -38.75 245.33 73.00 245.41 -0.320 19.24 0.74 26.80 0.31 558.29 0.595 13.19 4.85 0.952 0.956 -0.023
2014:06:12 15:38 -40.69 244.68 74.15 244.74 -0.329 15.32 0.74 31.90 0.31 558.29 0.595 13.74 4.94 0.950 0.954 -0.023
2014:06:12 15:53 -33.53 243.55 75.45 243.65 -0.265 11.92 0.74 37.00 0.31 558.29 0.595 14.29 5.03 0.948 0.953 -0.017
2014:06:13 09:53 63.23 182.25 74.26 174.31 0.473 3.81 0.70 30.40 0.31 558.29 0.595 11.39 4.53 0.957 0.961 0.036
2014:06:13 10:08 118.86 225.61 102.95 222.25 0.590 1.43 0.73 27.85 0.32 558.29 0.595 12.73 4.77 0.953 0.957 0.040
2014:06:13 10:23 222.64 211.22 104.36 187.90 1.092 1.09 0.72 25.30 0.32 558.29 0.595 12.00 4.64 0.955 0.959 0.075
2014:06:13 10:38 351.14 191.41 104.27 184.61 1.734 0.75 0.71 22.75 0.32 558.29 0.595 11.13 4.49 0.958 0.962 0.121
2014:06:13 10:53 551.93 165.65 100.60 123.55 2.872 0.45 0.69 20.20 0.31 558.29 0.595 10.11 4.30 0.962 0.965 0.196
2014:06:13 11:08 904.85 125.66 88.00 120.05 5.657 0.16 0.67 20.20 0.31 558.29 0.595 8.87 4.05 0.966 0.969 0.342
2014:06:13 11:23 983.59 122.03 86.05 98.16 6.388 0.16 0.67 20.20 0.31 558.29 0.595 8.75 4.03 0.966 0.969 0.370
2014:06:13 11:38 -1124.58 100.29 194.99 86.11 -2.486 -1.02 0.65 20.20 0.34 558.29 0.595 8.18 3.91 0.968 0.971 -0.425
2014:06:13 11:53 -1129.32 99.13 196.84 85.59 -2.569 -1.05 0.65 20.20 0.34 558.29 0.595 8.13 3.90 0.968 0.971 -0.426
2014:06:13 12:08 -975.89 96.45 190.25 84.77 -2.401 -1.06 0.65 21.03 0.34 558.29 0.595 8.06 3.89 0.968 0.971 -0.370
2014:06:13 12:23 -1073.49 97.42 194.61 85.94 -2.570 -1.07 0.65 21.85 0.34 558.29 0.595 8.16 3.91 0.968 0.971 -0.403
2014:06:13 12:38 -1071.83 98.13 193.61 86.75 -2.583 -1.07 0.65 22.68 0.34 558.29 0.595 8.25 3.93 0.968 0.971 -0.402
2014:06:13 12:53 -1128.13 99.90 194.85 88.68 -2.596 -1.06 0.65 23.50 0.34 558.29 0.595 8.38 3.95 0.967 0.970 -0.421
2014:06:13 13:08 -1404.20 101.43 208.27 91.60 -2.450 -0.98 0.66 22.68 0.34 558.29 0.595 8.39 3.95 0.967 0.970 -0.526
2014:06:13 13:23 1384.03 104.21 68.21 95.95 8.013 0.09 0.66 21.85 0.31 558.29 0.595 8.24 3.92 0.968 0.971 0.542
2014:06:13 13:38 1203.19 106.78 76.29 100.43 9.039 0.14 0.66 21.03 0.31 558.29 0.595 8.27 3.93 0.968 0.970 0.476
2014:06:13 13:53 1034.60 111.95 82.16 109.03 7.535 0.10 0.66 20.20 0.31 558.29 0.595 8.41 3.96 0.967 0.970 0.417
2014:06:13 14:08 956.43 116.32 84.64 115.76 6.784 0.12 0.66 19.30 0.31 558.29 0.595 8.50 3.98 0.967 0.970 0.389
2014:06:13 14:23 881.96 123.06 86.05 125.61 6.129 0.20 0.67 18.40 0.31 558.29 0.595 8.65 4.01 0.966 0.969 0.364
2014:06:13 14:38 786.91 130.21 88.28 135.33 5.286 0.27 0.67 17.50 0.31 558.29 0.595 8.81 4.04 0.966 0.969 0.329
2014:06:13 14:53 719.83 139.73 88.75 147.65 4.812 0.44 0.68 16.60 0.31 558.29 0.595 9.02 4.08 0.965 0.968 0.306
2014:06:13 15:08 654.92 149.04 89.29 159.30 4.349 0.62 0.68 15.78 0.31 558.29 0.595 9.22 4.12 0.964 0.968 0.282
2014:06:13 15:23 579.57 159.30 89.77 171.42 3.832 0.84 0.69 14.95 0.31 558.29 0.595 9.43 4.17 0.964 0.967 0.255
2014:06:13 15:38 436.08 170.72 93.40 183.79 2.740 0.95 0.70 14.13 0.31 558.29 0.595 9.68 4.21 0.963 0.966 0.195
2014:06:13 15:53 319.92 182.34 95.26 196.55 1.963 1.16 0.70 13.30 0.31 558.29 0.595 9.93 4.26 0.962 0.965 0.147
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Table F.9. MATLAB Model Data from 07.25.14 to 09.13.14, Part 1 
 
Ptherm,sim TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:07:25 14:00 324.60 141.60 73.10 140.53 3.00 1.05 0.679 9.88 0.306 558.29 0.971 7.82 3.84 0.969 0.972 0.242
2014:07:25 14:15 366.91 120.69 77.60 118.15 3.13 0.59 0.667 12.01 0.307 558.29 0.971 7.65 3.80 0.970 0.972 0.253
2014:07:25 14:30 296.74 131.18 79.55 132.62 2.46 0.69 0.673 8.20 0.308 558.29 0.971 7.36 3.74 0.971 0.973 0.218
2014:07:25 14:45 221.56 136.51 78.22 140.98 1.91 0.82 0.676 11.35 0.308 558.29 0.971 7.93 3.86 0.969 0.971 0.170
2014:07:25 15:00 195.65 152.48 78.07 158.07 1.71 1.07 0.685 6.37 0.308 558.29 0.971 7.45 3.76 0.970 0.973 0.162
2014:07:25 15:15 88.11 180.66 70.02 186.78 0.93 2.01 0.701 8.58 0.305 558.29 0.971 8.51 3.98 0.967 0.970 0.087
2014:07:25 15:30 157.14 157.41 77.25 167.61 1.43 1.20 0.688 7.80 0.307 558.29 0.971 7.85 3.84 0.969 0.972 0.134
2014:07:25 15:45 111.23 177.87 70.72 188.31 1.19 1.91 0.700 8.57 0.305 558.29 0.971 8.44 3.97 0.967 0.970 0.108
2014:07:26 10:43 104.62 189.73 74.24 184.73 0.94 1.83 0.707 9.40 0.306 558.29 0.971 8.86 4.05 0.966 0.969 0.085
2014:07:26 10:58 113.31 164.40 74.63 149.52 1.02 1.38 0.692 14.06 0.306 558.29 0.971 8.88 4.06 0.966 0.969 0.091
2014:07:26 11:13 221.42 139.19 78.51 130.47 1.87 0.84 0.677 15.42 0.308 558.29 0.971 8.45 3.97 0.967 0.970 0.159
2014:07:26 11:28 251.16 135.34 79.74 119.44 2.10 0.76 0.675 12.59 0.308 558.29 0.971 8.07 3.89 0.968 0.971 0.181
2014:07:26 11:43 311.71 126.23 79.43 110.55 2.66 0.64 0.670 13.55 0.308 558.29 0.971 7.97 3.87 0.969 0.971 0.219
2014:07:26 11:58 397.10 120.83 82.08 105.47 3.26 0.50 0.667 8.26 0.309 558.29 0.971 7.18 3.70 0.971 0.974 0.271
2014:07:26 12:13 217.93 140.59 81.58 133.16 1.82 0.81 0.678 9.60 0.309 558.29 0.971 7.81 3.83 0.969 0.972 0.165
2014:07:26 12:28 211.28 138.41 82.99 130.85 1.73 0.74 0.677 10.98 0.309 558.29 0.971 7.96 3.87 0.969 0.971 0.156
2014:07:26 12:43 128.77 151.14 80.19 145.46 1.13 1.03 0.684 14.34 0.308 558.29 0.971 8.66 4.01 0.966 0.969 0.101
2014:07:26 12:58 419.33 111.55 85.21 99.96 3.38 0.33 0.661 10.54 0.310 558.29 0.971 7.33 3.73 0.971 0.973 0.275
2014:07:26 13:13 329.15 125.04 85.92 116.74 2.63 0.50 0.669 8.19 0.310 558.29 0.971 7.28 3.72 0.971 0.973 0.231
2014:07:26 13:28 260.67 127.68 84.09 120.77 2.18 0.58 0.671 14.66 0.310 558.29 0.971 8.17 3.91 0.968 0.971 0.184
2014:07:26 13:43 213.14 140.79 82.70 135.55 1.84 0.82 0.678 12.78 0.309 558.29 0.971 8.27 3.93 0.968 0.970 0.160
2014:07:26 13:58 295.28 121.47 84.13 117.53 2.51 0.51 0.667 15.90 0.310 558.29 0.971 8.15 3.91 0.968 0.971 0.206
2014:07:26 14:13 273.08 126.72 83.70 124.51 2.36 0.60 0.670 15.75 0.310 558.29 0.971 8.26 3.93 0.968 0.970 0.195
2014:07:26 14:28 348.69 124.02 86.36 121.97 2.89 0.50 0.669 9.36 0.310 558.29 0.971 7.46 3.76 0.970 0.973 0.243
2014:07:26 14:43 129.54 165.01 80.46 166.20 1.22 1.32 0.692 8.03 0.308 558.29 0.971 8.13 3.90 0.968 0.971 0.114
2014:07:26 14:58 5.37 230.05 55.00 230.70 0.12 6.41 0.730 16.16 0.299 558.29 0.971 10.81 4.43 0.959 0.963 0.010
2014:07:26 15:13 -3.03 237.05 52.46 237.26 -0.08 7.73 0.734 11.32 0.298 558.29 0.971 10.39 4.35 0.961 0.964 -0.007
2014:07:26 15:28 -4.60 242.44 48.36 242.32 -0.16 10.47 0.737 10.32 0.296 558.29 0.971 10.37 4.35 0.961 0.964 -0.014
2014:07:26 15:43 -6.01 241.99 50.09 241.93 -0.19 9.41 0.737 8.59 0.297 558.29 0.971 10.09 4.29 0.962 0.965 -0.017
2014:07:27 10:43 35.92 209.10 65.15 202.48 0.43 2.92 0.718 10.98 0.303 558.29 0.971 9.54 4.19 0.963 0.967 0.039
2014:07:27 10:58 34.28 194.40 65.24 186.75 0.42 2.62 0.709 10.58 0.303 558.29 0.971 9.11 4.10 0.965 0.968 0.039
2014:07:27 11:13 54.98 174.64 71.76 169.66 0.57 1.75 0.698 13.76 0.305 558.29 0.971 9.06 4.09 0.965 0.968 0.053
2014:07:27 11:28 8.52 220.98 56.30 219.76 0.15 4.55 0.725 6.31 0.299 558.29 0.971 9.00 4.08 0.965 0.968 0.014
2014:07:27 11:43 -0.74 214.41 57.95 213.44 -0.01 4.07 0.721 13.86 0.300 558.29 0.971 10.03 4.28 0.962 0.965 -0.001
2014:07:27 11:58 -2.98 209.97 62.25 208.31 -0.04 3.42 0.718 9.68 0.302 558.29 0.971 9.38 4.16 0.964 0.967 -0.004
2014:07:27 12:13 17.08 166.11 82.84 160.07 0.14 1.14 0.693 6.94 0.309 558.29 0.971 7.90 3.85 0.969 0.972 0.015
2014:07:27 12:28 70.82 146.20 87.72 139.34 0.54 0.73 0.681 8.95 0.311 558.29 0.971 7.83 3.84 0.969 0.972 0.056
2014:07:27 12:43 35.11 172.28 76.06 169.67 0.34 1.54 0.697 12.38 0.307 558.29 0.971 8.89 4.06 0.966 0.969 0.033
2014:07:27 12:58 86.65 145.21 87.55 140.46 0.67 0.73 0.681 9.42 0.311 558.29 0.971 7.88 3.85 0.969 0.972 0.068
2014:07:27 13:13 47.93 167.67 81.97 165.27 0.41 1.22 0.694 7.47 0.309 558.29 0.971 8.04 3.88 0.968 0.971 0.043
2014:07:27 13:28 4.87 184.88 72.83 184.77 0.05 1.98 0.704 14.29 0.306 558.29 0.971 9.42 4.16 0.964 0.967 0.005
2014:07:27 13:43 4.64 178.97 75.86 179.88 0.05 1.69 0.700 10.82 0.307 558.29 0.971 8.84 4.05 0.966 0.969 0.005
2014:07:27 13:58 3.83 175.07 78.81 176.43 0.04 1.47 0.698 8.89 0.308 558.29 0.971 8.46 3.97 0.967 0.970 0.004
2014:07:27 14:13 -9.27 215.56 62.36 215.90 -0.14 3.74 0.722 9.32 0.302 558.29 0.971 9.49 4.18 0.964 0.967 -0.013
2014:07:27 14:28 -19.95 178.55 77.31 179.91 -0.20 1.61 0.700 11.62 0.307 558.29 0.971 8.95 4.07 0.965 0.968 -0.020
2014:07:27 14:43 2.74 193.49 67.50 196.34 0.04 2.58 0.709 14.18 0.304 558.29 0.971 9.60 4.20 0.963 0.966 0.003
2014:07:27 14:58 8.08 181.17 72.90 184.34 0.09 1.91 0.702 12.46 0.306 558.29 0.971 9.10 4.10 0.965 0.968 0.009
2014:07:27 15:13 -8.83 214.72 59.65 217.79 -0.15 4.03 0.721 11.91 0.301 558.29 0.971 9.82 4.24 0.962 0.966 -0.014
2014:07:27 15:28 -12.68 225.68 54.95 227.41 -0.27 5.49 0.728 14.00 0.299 558.29 0.971 10.38 4.35 0.961 0.964 -0.024
2014:07:28 10:43 93.76 190.85 84.28 169.54 0.67 1.28 0.707 6.21 0.310 558.29 0.971 8.21 3.92 0.968 0.971 0.066
2014:07:28 10:58 254.80 140.68 81.34 120.07 1.94 0.73 0.678 7.55 0.309 558.29 0.971 7.37 3.74 0.971 0.973 0.181
2014:07:28 11:13 181.98 143.38 78.30 133.43 1.48 0.86 0.680 6.59 0.308 558.29 0.971 7.23 3.71 0.971 0.974 0.147
2014:07:28 11:28 411.64 112.62 81.39 96.22 3.21 0.40 0.662 5.84 0.309 558.29 0.971 6.45 3.53 0.974 0.976 0.287
2014:07:28 11:43 157.76 140.71 77.89 132.86 1.32 0.85 0.678 7.10 0.308 558.29 0.971 7.28 3.72 0.971 0.973 0.133
2014:07:28 11:58 266.76 123.63 78.14 115.71 2.24 0.62 0.668 10.70 0.308 558.29 0.971 7.51 3.77 0.970 0.973 0.200
2014:07:28 12:16 254.89 118.94 80.95 111.86 2.05 0.50 0.666 10.24 0.309 558.29 0.971 7.36 3.74 0.971 0.973 0.189
2014:07:28 12:31 42.03 158.36 74.99 156.61 0.38 1.22 0.688 9.69 0.306 558.29 0.971 8.12 3.90 0.968 0.971 0.039
2014:07:28 12:46 92.84 141.37 83.06 138.04 0.72 0.74 0.679 11.18 0.309 558.29 0.971 7.98 3.87 0.969 0.971 0.073
2014:07:28 13:01 85.99 141.31 84.14 140.97 0.66 0.71 0.679 9.79 0.310 558.29 0.971 7.78 3.83 0.969 0.972 0.068
2014:07:28 13:16 21.83 175.30 69.75 175.59 0.23 1.76 0.698 8.48 0.305 558.29 0.971 8.29 3.94 0.967 0.970 0.024
2014:07:28 13:31 10.71 159.85 82.34 156.59 0.09 1.00 0.689 7.22 0.309 558.29 0.971 7.74 3.82 0.969 0.972 0.010
2014:07:28 13:46 -13.36 187.73 65.85 187.75 -0.16 2.25 0.706 7.68 0.303 558.29 0.971 8.43 3.96 0.967 0.970 -0.017
2014:07:28 14:01 -0.01 202.57 59.56 201.83 0.00 3.19 0.714 9.38 0.301 558.29 0.971 9.07 4.09 0.965 0.968 0.000
2014:07:28 14:16 -81.89 145.53 88.83 143.94 -0.59 0.66 0.681 9.29 0.311 558.29 0.971 7.82 3.84 0.969 0.972 -0.070
2014:07:28 14:31 0.07 187.16 63.20 188.63 0.00 2.46 0.705 8.94 0.302 558.29 0.971 8.62 4.00 0.966 0.969 0.000
2014:07:28 14:46 -12.81 210.54 56.12 211.40 -0.21 3.84 0.719 8.80 0.299 558.29 0.971 9.16 4.11 0.965 0.968 -0.021
2014:07:28 15:01 -1.72 195.36 59.64 198.10 -0.03 3.04 0.710 9.86 0.301 558.29 0.971 8.97 4.07 0.965 0.968 -0.002
2014:07:28 15:16 -24.98 167.61 76.83 173.54 -0.23 1.31 0.694 7.35 0.307 558.29 0.971 7.93 3.86 0.969 0.971 -0.026
2014:07:28 15:31 -5.66 226.05 49.14 228.01 -0.13 6.11 0.728 9.49 0.297 558.29 0.971 9.67 4.21 0.963 0.966 -0.012
2014:07:28 15:46 -24.59 193.91 61.22 202.39 -0.34 2.84 0.709 11.21 0.301 558.29 0.971 9.13 4.11 0.965 0.968 -0.035
Date & Time
MATLAB Model Data - 07.25.14 to 09.13.14
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Table F.10. MATLAB Model Data from 07.25.14 to 09.13.14, Part 2 
 
Ptherm,sim TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:07:29 10:43 118.48 190.09 81.39 168.03 0.87 1.34 0.707 6.64 0.309 558.29 0.971 8.27 3.93 0.968 0.970 0.083
2014:07:29 10:58 285.94 141.43 79.44 122.08 2.20 0.78 0.679 6.93 0.308 558.29 0.971 7.26 3.71 0.971 0.974 0.202
2014:07:29 11:13 342.53 130.72 77.16 115.55 2.80 0.71 0.672 8.94 0.307 558.29 0.971 7.39 3.74 0.970 0.973 0.239
2014:07:29 11:28 385.71 118.59 77.37 98.36 3.18 0.54 0.665 8.28 0.307 558.29 0.971 7.04 3.67 0.972 0.974 0.270
2014:07:29 11:43 353.98 123.85 76.79 110.94 2.98 0.64 0.668 7.71 0.307 558.29 0.971 7.05 3.67 0.972 0.974 0.258
2014:07:29 11:58 358.37 119.99 80.38 105.64 2.84 0.51 0.666 7.66 0.308 558.29 0.971 6.97 3.65 0.972 0.974 0.251
2014:07:29 12:13 194.41 140.19 78.60 131.93 1.61 0.82 0.678 6.66 0.308 558.29 0.971 7.18 3.70 0.971 0.974 0.158
2014:07:29 12:28 119.27 146.66 78.87 142.74 0.99 0.91 0.682 8.00 0.308 558.29 0.971 7.59 3.79 0.970 0.972 0.100
2014:07:29 12:43 241.52 125.09 80.90 115.70 1.94 0.57 0.669 10.19 0.309 558.29 0.971 7.48 3.76 0.970 0.973 0.179
2014:07:29 12:58 72.29 168.60 70.84 165.27 0.72 1.57 0.694 9.03 0.305 558.29 0.971 8.23 3.92 0.968 0.971 0.071
2014:07:29 13:13 154.39 143.90 83.85 136.79 1.18 0.75 0.680 6.64 0.310 558.29 0.971 7.28 3.72 0.971 0.973 0.121
2014:07:29 13:28 210.22 125.26 87.20 119.75 1.53 0.46 0.669 7.45 0.311 558.29 0.971 7.06 3.67 0.972 0.974 0.154
2014:07:29 13:43 13.05 210.90 54.39 211.16 0.22 4.08 0.719 7.59 0.299 558.29 0.971 8.94 4.07 0.965 0.968 0.021
2014:07:29 13:58 256.36 110.45 90.37 104.22 1.79 0.25 0.661 10.19 0.312 558.29 0.971 7.20 3.70 0.971 0.974 0.172
2014:07:29 14:13 7.60 223.85 48.93 224.00 0.17 5.70 0.726 7.43 0.296 558.29 0.971 9.22 4.12 0.964 0.968 0.016
2014:07:29 14:28 -27.92 213.74 54.81 215.33 -0.48 4.18 0.721 10.10 0.299 558.29 0.971 9.45 4.17 0.964 0.967 -0.048
2014:07:29 14:43 -26.04 137.08 90.26 140.06 -0.18 0.54 0.676 10.45 0.312 558.29 0.971 7.82 3.84 0.969 0.972 -0.021
2014:07:29 14:58 75.14 139.03 85.65 144.91 0.57 0.66 0.677 9.06 0.310 558.29 0.971 7.64 3.80 0.970 0.972 0.061
2014:07:29 15:13 58.48 173.37 74.54 178.47 0.56 1.52 0.697 5.24 0.306 558.29 0.971 7.59 3.79 0.970 0.973 0.060
2014:07:29 15:28 74.51 151.66 83.40 163.85 0.60 0.89 0.685 5.96 0.309 558.29 0.971 7.31 3.73 0.971 0.973 0.066
2014:07:29 15:43 53.16 167.10 76.99 180.23 0.49 1.33 0.694 6.12 0.307 558.29 0.971 7.67 3.80 0.970 0.972 0.052
2014:07:30 10:43 0.04 245.40 28.86 245.39 0.00 22.24 0.739 3.57 0.288 558.29 0.971 8.68 4.02 0.966 0.969 0.000
2014:07:30 10:58 -0.19 245.58 28.66 245.57 -0.02 23.76 0.739 3.09 0.288 558.29 0.971 8.51 3.98 0.967 0.970 -0.002
2014:07:30 11:13 -0.63 245.21 29.47 245.19 -0.06 21.59 0.739 4.20 0.288 558.29 0.971 8.89 4.06 0.966 0.969 -0.007
2014:07:30 11:28 -1.38 245.12 30.87 245.12 -0.11 18.72 0.739 3.51 0.289 558.29 0.971 8.67 4.01 0.966 0.969 -0.011
2014:07:30 11:43 -2.33 244.36 33.14 244.34 -0.13 14.88 0.738 4.07 0.290 558.29 0.971 8.84 4.05 0.966 0.969 -0.014
2014:07:30 11:58 -3.04 243.69 35.16 243.69 -0.14 12.60 0.738 4.26 0.291 558.29 0.971 8.89 4.06 0.965 0.969 -0.014
2014:07:30 12:13 -2.46 244.27 34.05 244.09 -0.13 13.86 0.738 4.37 0.290 558.29 0.971 8.94 4.07 0.965 0.968 -0.013
2014:07:30 12:28 -1.99 244.32 33.04 244.39 -0.12 15.15 0.738 5.16 0.290 558.29 0.971 9.16 4.11 0.965 0.968 -0.012
2014:07:30 12:43 -2.41 243.23 35.67 243.28 -0.11 12.02 0.738 5.52 0.291 558.29 0.971 9.23 4.13 0.964 0.968 -0.010
2014:07:30 12:58 -3.15 243.64 35.28 243.74 -0.15 12.97 0.738 5.69 0.291 558.29 0.971 9.29 4.14 0.964 0.967 -0.014
2014:07:30 13:13 -4.21 242.70 38.51 242.79 -0.15 10.38 0.737 4.57 0.292 558.29 0.971 8.99 4.08 0.965 0.968 -0.015
2014:07:30 13:28 -2.83 239.73 41.91 240.06 -0.08 8.12 0.736 5.25 0.294 558.29 0.971 9.10 4.10 0.965 0.968 -0.008
2014:07:30 13:43 -0.17 239.72 41.98 240.01 0.00 8.18 0.736 5.68 0.294 558.29 0.971 9.21 4.12 0.964 0.968 0.000
2014:07:30 13:58 -0.68 238.65 42.76 239.12 -0.02 8.04 0.735 6.63 0.294 558.29 0.971 9.41 4.16 0.964 0.967 -0.002
2014:07:30 14:13 4.67 220.46 53.14 221.60 0.08 4.33 0.724 6.16 0.298 558.29 0.971 8.85 4.05 0.966 0.969 0.007
2014:07:30 14:28 9.06 228.92 48.50 229.75 0.18 5.59 0.729 6.48 0.296 558.29 0.971 9.13 4.11 0.965 0.968 0.017
2014:07:30 14:43 1.02 241.62 40.92 241.80 0.03 9.16 0.737 4.61 0.293 558.29 0.971 8.99 4.08 0.965 0.968 0.003
2014:07:30 14:58 -2.48 241.53 41.70 241.73 -0.07 8.90 0.737 4.61 0.293 558.29 0.971 8.99 4.08 0.965 0.968 -0.007
2014:07:30 15:13 -2.63 237.84 44.45 238.31 -0.07 7.31 0.735 5.52 0.295 558.29 0.971 9.14 4.11 0.965 0.968 -0.006
2014:07:30 15:28 -1.97 241.48 41.10 241.57 -0.06 9.14 0.737 5.79 0.293 558.29 0.971 9.29 4.14 0.964 0.967 -0.006
2014:07:30 15:43 -2.72 243.13 38.57 243.20 -0.11 11.09 0.738 5.33 0.292 558.29 0.971 9.22 4.12 0.964 0.968 -0.011
2014:07:31 10:43 155.47 189.11 76.67 168.73 1.25 1.55 0.706 7.89 0.307 558.29 0.971 8.53 3.98 0.967 0.970 0.112
2014:07:31 10:58 276.18 146.53 76.80 130.26 2.25 0.93 0.682 7.69 0.307 558.29 0.971 7.53 3.77 0.970 0.973 0.200
2014:07:31 11:13 348.86 137.19 78.02 121.71 2.82 0.78 0.676 6.70 0.308 558.29 0.971 7.16 3.69 0.971 0.974 0.245
2014:07:31 11:28 428.25 125.18 76.32 107.18 3.63 0.67 0.669 6.85 0.307 558.29 0.971 6.93 3.64 0.972 0.974 0.298
2014:07:31 11:43 535.04 115.61 76.45 99.45 4.60 0.54 0.664 6.40 0.307 558.29 0.971 6.66 3.58 0.973 0.975 0.355
2014:07:31 11:58 247.14 146.37 76.33 135.81 2.14 0.99 0.682 6.22 0.307 558.29 0.971 7.24 3.71 0.971 0.974 0.198
2014:07:31 12:13 75.45 181.74 64.36 178.31 0.88 2.27 0.702 7.94 0.303 558.29 0.971 8.35 3.95 0.967 0.970 0.083
2014:07:31 12:28 111.30 176.54 69.93 173.73 1.13 1.79 0.699 7.73 0.305 558.29 0.971 8.20 3.92 0.968 0.971 0.106
2014:07:31 12:43 102.71 169.22 72.92 166.00 0.98 1.52 0.695 7.98 0.306 558.29 0.971 8.10 3.90 0.968 0.971 0.095
2014:07:31 12:58 573.23 109.89 81.84 99.05 4.66 0.36 0.660 6.15 0.309 558.29 0.971 6.51 3.55 0.973 0.976 0.362
2014:07:31 13:13 554.99 112.96 77.80 102.84 4.93 0.50 0.662 8.96 0.307 558.29 0.971 7.07 3.67 0.972 0.974 0.358
2014:07:31 13:28 465.18 127.19 80.63 118.65 3.92 0.63 0.670 5.53 0.308 558.29 0.971 6.71 3.59 0.973 0.975 0.320
2014:07:31 13:43 136.18 172.08 71.59 169.69 1.41 1.69 0.696 6.66 0.305 558.29 0.971 7.91 3.85 0.969 0.972 0.132
2014:07:31 13:58 507.77 113.61 81.35 107.81 4.32 0.45 0.663 6.69 0.309 558.29 0.971 6.69 3.59 0.973 0.975 0.340
2014:07:31 14:13 57.66 204.03 61.08 203.84 0.83 3.24 0.715 4.70 0.301 558.29 0.971 8.15 3.91 0.968 0.971 0.081
2014:07:31 14:28 4.93 239.66 45.90 239.91 0.15 8.44 0.736 6.45 0.295 558.29 0.971 9.48 4.18 0.964 0.967 0.014
2014:07:31 14:43 -10.39 215.64 58.31 218.19 -0.17 3.97 0.722 7.56 0.300 558.29 0.971 9.11 4.10 0.965 0.968 -0.017
2014:07:31 14:58 -2.43 221.90 56.30 223.96 -0.04 4.64 0.725 7.65 0.299 558.29 0.971 9.30 4.14 0.964 0.967 -0.004
2014:07:31 15:13 15.44 196.73 67.93 202.23 0.19 2.50 0.711 5.59 0.304 558.29 0.971 8.26 3.93 0.968 0.970 0.019
2014:07:31 15:28 11.82 199.14 64.94 206.57 0.16 2.78 0.712 6.78 0.303 558.29 0.971 8.57 3.99 0.967 0.970 0.016
2014:07:31 15:43 36.65 203.68 62.51 211.16 0.53 3.17 0.715 7.48 0.302 558.29 0.971 8.82 4.04 0.966 0.969 0.050
2014:08:01 10:44 120.56 187.57 77.93 168.04 0.97 1.50 0.705 6.74 0.308 558.29 0.971 8.26 3.93 0.968 0.970 0.092
2014:08:01 10:59 260.40 149.08 79.46 134.89 2.07 0.91 0.683 5.00 0.308 558.29 0.971 7.00 3.66 0.972 0.974 0.197
2014:08:01 11:14 296.68 139.78 80.92 126.61 2.33 0.75 0.678 4.83 0.309 558.29 0.971 6.76 3.60 0.973 0.975 0.221
2014:08:01 11:29 379.82 126.78 80.35 110.00 3.05 0.60 0.670 5.43 0.308 558.29 0.971 6.66 3.58 0.973 0.975 0.272
2014:08:01 11:44 284.57 135.32 79.27 121.71 2.36 0.75 0.675 6.73 0.308 558.29 0.971 7.13 3.69 0.971 0.974 0.215
2014:08:01 11:59 114.38 168.17 72.52 161.81 1.10 1.52 0.694 5.67 0.306 558.29 0.971 7.59 3.79 0.970 0.973 0.110
2014:08:01 12:11 149.14 145.62 85.95 137.08 1.11 0.72 0.681 4.30 0.310 558.29 0.971 6.76 3.60 0.973 0.975 0.121
MATLAB Model Data - 07.25.14 to 09.13.14
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Table F.11. MATLAB Model Data from 07.25.14 to 09.13.14, Part 3 
 
Ptherm,sim TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:08:01 12:29 92.81 173.69 72.02 167.09 0.92 1.65 0.697 4.97 0.305 558.29 0.971 7.52 3.77 0.970 0.973 0.095
2014:08:01 12:44 24.36 205.70 58.73 204.22 0.35 3.55 0.716 4.08 0.300 558.29 0.971 8.00 3.87 0.968 0.971 0.037
2014:08:01 12:59 464.66 115.84 83.34 103.61 3.72 0.42 0.664 6.96 0.309 558.29 0.971 6.81 3.61 0.972 0.975 0.306
2014:08:01 13:14 492.00 117.44 80.34 107.31 4.22 0.51 0.665 7.33 0.308 558.29 0.971 6.91 3.64 0.972 0.975 0.329
2014:08:01 13:29 523.16 115.19 81.55 107.29 4.43 0.46 0.663 5.46 0.309 558.29 0.971 6.47 3.54 0.974 0.976 0.353
2014:08:01 13:44 483.00 119.70 81.25 112.70 4.16 0.53 0.666 6.16 0.309 558.29 0.971 6.71 3.59 0.973 0.975 0.332
2014:08:01 13:59 317.90 141.00 81.21 137.13 2.75 0.83 0.678 5.37 0.309 558.29 0.971 6.97 3.65 0.972 0.974 0.245
2014:08:01 14:14 67.36 188.22 67.94 187.80 0.80 2.30 0.706 5.91 0.304 558.29 0.971 8.12 3.90 0.968 0.971 0.078
2014:08:01 14:29 270.96 133.90 84.19 133.22 2.24 0.67 0.674 7.37 0.310 558.29 0.971 7.26 3.72 0.971 0.973 0.205
2014:08:01 14:44 34.10 207.40 61.68 209.24 0.51 3.34 0.717 4.78 0.302 558.29 0.971 8.27 3.93 0.968 0.970 0.051
2014:08:01 14:59 -0.87 243.59 40.15 243.51 -0.06 13.03 0.738 7.15 0.293 558.29 0.971 9.71 4.22 0.963 0.966 -0.005
2014:08:01 15:14 -4.99 244.30 39.37 244.29 -0.38 14.00 0.738 8.57 0.292 558.29 0.971 10.00 4.28 0.962 0.965 -0.035
2014:08:01 15:29 -20.60 229.71 49.61 231.32 -0.55 6.15 0.730 5.33 0.297 558.29 0.971 8.94 4.07 0.965 0.968 -0.059
2014:08:01 15:44 -4.16 244.38 37.46 244.34 -0.51 15.15 0.738 4.80 0.292 558.29 0.971 9.16 4.11 0.965 0.968 -0.052
2014:08:02 10:44 140.50 186.69 80.07 161.60 1.10 1.41 0.705 6.69 0.308 558.29 0.971 8.24 3.93 0.968 0.971 0.103
2014:08:02 10:59 283.07 143.08 78.85 128.72 2.31 0.86 0.680 7.24 0.308 558.29 0.971 7.39 3.74 0.970 0.973 0.207
2014:08:02 11:14 347.68 135.14 79.35 118.19 2.86 0.74 0.675 6.65 0.308 558.29 0.971 7.11 3.68 0.971 0.974 0.249
2014:08:02 11:29 417.90 122.84 76.73 104.78 3.67 0.65 0.668 8.22 0.307 558.29 0.971 7.15 3.69 0.971 0.974 0.295
2014:08:02 11:44 511.63 117.38 79.23 100.85 4.33 0.52 0.665 4.52 0.308 558.29 0.971 6.25 3.48 0.974 0.977 0.354
2014:08:02 11:59 528.24 115.21 77.63 99.15 4.68 0.53 0.663 5.49 0.307 558.29 0.971 6.46 3.53 0.974 0.976 0.365
2014:08:02 12:14 515.25 113.87 78.55 99.27 4.53 0.50 0.663 6.31 0.308 558.29 0.971 6.62 3.57 0.973 0.975 0.353
2014:08:02 12:29 495.15 112.68 77.71 99.09 4.47 0.50 0.662 8.98 0.307 558.29 0.971 7.07 3.67 0.972 0.974 0.337
2014:08:02 12:44 534.07 111.06 80.19 98.60 4.63 0.43 0.661 5.91 0.308 558.29 0.971 6.49 3.54 0.973 0.976 0.362
2014:08:02 12:59 515.98 112.10 78.55 99.91 4.67 0.49 0.662 8.09 0.308 558.29 0.971 6.92 3.64 0.972 0.975 0.350
2014:08:02 13:14 545.64 114.45 78.95 103.80 4.93 0.51 0.663 5.98 0.308 558.29 0.971 6.57 3.56 0.973 0.976 0.372
2014:08:02 13:29 511.85 114.86 78.93 105.30 4.67 0.53 0.663 7.61 0.308 558.29 0.971 6.91 3.64 0.972 0.975 0.351
2014:08:02 13:44 480.41 118.02 80.04 109.61 4.32 0.55 0.665 6.82 0.308 558.29 0.971 6.82 3.62 0.972 0.975 0.337
2014:08:02 13:59 389.16 122.11 79.62 115.47 3.55 0.62 0.667 11.50 0.308 558.29 0.971 7.63 3.80 0.970 0.972 0.277
2014:08:02 14:14 399.68 127.36 82.34 122.99 3.47 0.63 0.671 6.06 0.309 558.29 0.971 6.87 3.63 0.972 0.975 0.291
2014:08:02 14:29 341.47 131.52 84.12 129.67 2.88 0.65 0.673 5.63 0.310 558.29 0.971 6.85 3.62 0.972 0.975 0.256
2014:08:02 14:44 269.11 140.81 85.59 142.49 2.22 0.74 0.678 4.60 0.310 558.29 0.971 6.78 3.61 0.973 0.975 0.213
2014:08:02 14:59 216.80 145.84 84.88 150.47 1.83 0.83 0.681 5.59 0.310 558.29 0.971 7.15 3.69 0.971 0.974 0.176
2014:08:02 15:14 77.72 182.10 72.85 186.85 0.87 1.93 0.702 5.80 0.306 558.29 0.971 7.98 3.87 0.969 0.971 0.085
2014:08:02 15:29 70.87 161.79 83.78 172.08 0.62 1.09 0.690 6.16 0.310 558.29 0.971 7.63 3.80 0.970 0.972 0.065
2014:08:02 15:44 62.72 185.96 71.95 194.61 0.73 2.07 0.704 7.35 0.305 558.29 0.971 8.41 3.96 0.967 0.970 0.070
2014:08:03 10:44 131.46 184.18 80.87 161.71 1.04 1.39 0.703 5.37 0.309 558.29 0.971 7.90 3.85 0.969 0.972 0.102
2014:08:03 10:59 261.66 148.26 81.83 136.56 2.08 0.86 0.683 4.63 0.309 558.29 0.971 6.89 3.63 0.972 0.975 0.200
2014:08:03 11:14 245.63 144.79 80.48 133.75 2.03 0.87 0.681 5.91 0.308 558.29 0.971 7.16 3.69 0.971 0.974 0.192
2014:08:03 11:29 370.47 123.62 80.04 106.26 3.14 0.59 0.668 8.46 0.308 558.29 0.971 7.22 3.71 0.971 0.974 0.263
2014:08:03 11:44 417.60 119.83 81.31 102.98 3.49 0.52 0.666 6.52 0.309 558.29 0.971 6.79 3.61 0.972 0.975 0.294
2014:08:03 11:59 470.71 115.99 80.35 100.16 4.07 0.50 0.664 6.89 0.308 558.29 0.971 6.79 3.61 0.972 0.975 0.325
2014:08:03 12:14 51.34 192.30 66.07 186.56 0.62 2.54 0.708 5.78 0.303 558.29 0.971 8.19 3.91 0.968 0.971 0.062
2014:08:03 12:29 213.89 135.96 83.95 126.25 1.74 0.68 0.676 7.51 0.310 558.29 0.971 7.33 3.73 0.971 0.973 0.166
2014:08:03 12:44 2.38 243.25 41.78 243.30 0.10 13.19 0.738 6.64 0.293 558.29 0.971 9.64 4.21 0.963 0.966 0.010
2014:08:03 12:59 324.38 120.14 89.93 109.17 2.37 0.36 0.666 6.27 0.312 558.29 0.971 6.78 3.61 0.973 0.975 0.224
2014:08:03 13:14 366.92 121.81 85.52 114.52 2.94 0.47 0.667 6.45 0.310 558.29 0.971 6.84 3.62 0.972 0.975 0.260
2014:08:03 13:29 474.92 116.31 86.74 107.21 3.77 0.38 0.664 5.66 0.311 558.29 0.971 6.57 3.56 0.973 0.976 0.316
2014:08:03 13:44 130.20 172.29 74.90 170.37 1.32 1.62 0.697 6.53 0.306 558.29 0.971 7.94 3.86 0.969 0.971 0.125
2014:08:03 13:59 311.67 134.09 89.38 130.06 2.37 0.55 0.674 4.85 0.311 558.29 0.971 6.74 3.60 0.973 0.975 0.224
2014:08:03 14:14 406.27 132.72 87.89 127.89 3.21 0.57 0.674 4.18 0.311 558.29 0.971 6.51 3.55 0.973 0.976 0.285
2014:08:03 14:29 71.45 192.28 72.08 194.40 0.80 2.15 0.708 3.94 0.305 558.29 0.971 7.69 3.81 0.969 0.972 0.082
2014:08:03 14:44 1.47 241.66 43.38 241.61 0.07 10.74 0.737 11.16 0.294 558.29 0.971 10.36 4.34 0.961 0.964 0.006
2014:08:03 14:59 -0.03 245.98 35.01 245.98 -0.27 24.45 0.739 8.82 0.290 558.29 0.971 10.07 4.29 0.962 0.965 -0.025
2014:08:03 15:14 -4.34 245.22 37.72 245.23 -0.80 18.17 0.739 8.14 0.292 558.29 0.971 9.96 4.27 0.962 0.965 -0.079
2014:08:03 15:29 -20.82 238.38 46.38 239.14 -0.79 8.27 0.735 11.11 0.295 558.29 0.971 10.27 4.33 0.961 0.964 -0.075
2014:08:03 15:44 -42.37 188.54 72.14 196.54 -0.48 2.00 0.706 8.98 0.305 558.29 0.971 8.73 4.03 0.966 0.969 -0.051
2014:08:04 10:44 17.42 224.44 49.98 222.57 0.32 5.34 0.727 7.82 0.297 558.29 0.971 9.31 4.14 0.964 0.967 0.029
2014:08:04 10:59 9.04 238.48 43.90 238.14 0.23 8.40 0.735 8.45 0.294 558.29 0.971 9.80 4.24 0.963 0.966 0.020
2014:08:04 11:14 13.89 220.08 54.78 218.50 0.22 4.44 0.724 7.91 0.299 558.29 0.971 9.26 4.13 0.964 0.967 0.020
2014:08:04 11:29 27.32 205.12 62.28 202.46 0.34 2.98 0.716 6.77 0.302 558.29 0.971 8.68 4.01 0.966 0.969 0.033
2014:08:04 11:44 35.53 200.50 63.58 198.73 0.43 2.83 0.713 8.79 0.302 558.29 0.971 8.97 4.07 0.965 0.968 0.040
2014:08:04 11:59 35.41 200.81 64.07 199.26 0.43 2.80 0.713 7.88 0.302 558.29 0.971 8.82 4.04 0.966 0.969 0.041
2014:08:04 12:14 143.87 141.22 81.93 133.96 1.16 0.77 0.679 11.13 0.309 558.29 0.971 7.99 3.87 0.968 0.971 0.110
2014:08:04 12:29 40.59 192.73 65.28 191.83 0.48 2.48 0.708 10.09 0.303 558.29 0.971 8.97 4.07 0.965 0.968 0.045
2014:08:04 12:44 -0.74 216.93 57.64 216.35 -0.01 3.96 0.722 9.36 0.300 558.29 0.971 9.45 4.17 0.964 0.967 -0.001
2014:08:04 12:59 2.11 206.23 64.75 206.07 0.03 2.83 0.716 6.37 0.303 558.29 0.971 8.63 4.01 0.966 0.969 0.003
2014:08:04 13:14 8.30 206.95 63.31 207.49 0.11 3.04 0.717 8.06 0.302 558.29 0.971 9.00 4.08 0.965 0.968 0.010
2014:08:04 13:29 1.43 206.53 63.28 206.92 0.02 3.09 0.716 8.85 0.302 558.29 0.971 9.14 4.11 0.965 0.968 0.002
2014:08:04 13:44 213.97 129.67 91.64 123.66 1.49 0.43 0.672 6.40 0.312 558.29 0.971 7.00 3.66 0.972 0.974 0.152
2014:08:04 13:59 113.79 153.92 81.45 152.72 0.96 1.00 0.686 6.83 0.309 558.29 0.971 7.58 3.78 0.970 0.973 0.098
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Table F.12. MATLAB Model Data from 07.25.14 to 09.13.14, Part 4 
 
Ptherm,sim TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:08:04 14:14 83.69 158.43 81.88 159.43 0.70 1.05 0.689 5.96 0.309 558.29 0.971 7.49 3.77 0.970 0.973 0.074
2014:08:04 14:29 91.58 163.99 77.34 167.12 0.85 1.31 0.692 8.52 0.307 558.29 0.971 8.12 3.90 0.968 0.971 0.083
2014:08:04 14:44 222.72 134.73 87.74 137.81 1.71 0.59 0.675 5.60 0.311 558.29 0.971 6.92 3.64 0.972 0.975 0.171
2014:08:04 14:59 101.35 159.70 79.94 163.29 0.91 1.16 0.689 7.76 0.308 558.29 0.971 7.90 3.85 0.969 0.972 0.090
2014:08:04 15:14 173.69 151.30 83.39 157.23 1.47 0.93 0.684 5.66 0.309 558.29 0.971 7.28 3.72 0.971 0.973 0.145
2014:08:04 15:29 165.45 154.92 80.00 165.12 1.51 1.11 0.687 7.25 0.308 558.29 0.971 7.71 3.81 0.969 0.972 0.143
2014:08:04 15:44 82.31 175.70 75.01 187.56 0.85 1.68 0.699 7.37 0.306 558.29 0.971 8.19 3.91 0.968 0.971 0.082
2014:08:05 10:44 19.24 224.52 52.07 222.31 0.33 5.34 0.727 9.43 0.298 558.29 0.971 9.65 4.21 0.963 0.966 0.029
2014:08:05 10:59 138.68 149.47 78.53 139.73 1.15 0.97 0.683 13.56 0.308 558.29 0.971 8.47 3.97 0.967 0.970 0.105
2014:08:05 11:14 211.32 141.23 78.70 128.05 1.78 0.86 0.679 12.69 0.308 558.29 0.971 8.18 3.91 0.968 0.971 0.156
2014:08:05 11:29 256.51 132.12 80.16 118.99 2.12 0.69 0.673 10.99 0.308 558.29 0.971 7.78 3.83 0.969 0.972 0.187
2014:08:05 11:44 220.61 135.58 81.19 123.98 1.80 0.72 0.675 10.42 0.309 558.29 0.971 7.79 3.83 0.969 0.972 0.164
2014:08:05 11:59 64.04 184.54 69.33 181.82 0.69 2.09 0.704 11.24 0.304 558.29 0.971 8.99 4.08 0.965 0.968 0.063
2014:08:05 12:14 34.27 191.24 69.03 189.68 0.37 2.28 0.708 8.76 0.304 558.29 0.971 8.78 4.04 0.966 0.969 0.036
2014:08:05 12:29 262.24 114.26 83.39 103.34 2.11 0.39 0.663 17.96 0.309 558.29 0.971 8.12 3.90 0.968 0.971 0.180
2014:08:05 12:44 311.50 124.71 86.94 117.31 2.37 0.46 0.669 6.72 0.311 558.29 0.971 6.97 3.65 0.972 0.974 0.220
2014:08:05 12:59 60.77 160.46 78.51 155.78 0.55 1.21 0.690 11.41 0.308 558.29 0.971 8.48 3.98 0.967 0.970 0.053
2014:08:05 13:14 131.93 142.29 86.26 137.32 1.03 0.71 0.679 9.87 0.310 558.29 0.971 7.89 3.85 0.969 0.972 0.100
2014:08:05 13:29 50.30 157.90 81.51 154.66 0.43 1.08 0.688 12.10 0.309 558.29 0.971 8.54 3.99 0.967 0.970 0.042
2014:08:05 13:44 157.78 145.50 89.54 141.65 1.17 0.68 0.681 5.79 0.311 558.29 0.971 7.22 3.71 0.971 0.974 0.121
2014:08:05 13:59 36.47 193.86 68.62 196.70 0.43 2.48 0.709 8.14 0.304 558.29 0.971 8.76 4.03 0.966 0.969 0.041
2014:08:05 14:14 18.70 209.63 66.76 211.50 0.23 3.08 0.718 5.15 0.303 558.29 0.971 8.51 3.98 0.967 0.970 0.024
2014:08:05 14:29 9.61 199.01 70.16 202.24 0.11 2.51 0.712 8.14 0.305 558.29 0.971 8.91 4.06 0.965 0.969 0.011
2014:08:05 14:44 42.87 179.07 75.29 181.80 0.44 1.73 0.701 10.17 0.307 558.29 0.971 8.75 4.03 0.966 0.969 0.042
2014:08:05 14:59 -2.52 232.62 53.05 233.86 -0.06 6.25 0.732 6.65 0.298 558.29 0.971 9.41 4.16 0.964 0.967 -0.005
2014:08:05 15:14 -8.45 240.53 47.60 240.80 -0.27 8.90 0.736 8.22 0.296 558.29 0.971 9.91 4.26 0.962 0.966 -0.025
2014:08:05 15:29 -8.67 239.36 47.11 239.69 -0.29 9.03 0.735 14.57 0.296 558.29 0.971 10.79 4.42 0.959 0.963 -0.025
2014:08:05 15:44 -10.16 239.70 46.28 240.29 -0.37 9.10 0.736 13.96 0.295 558.29 0.971 10.70 4.41 0.960 0.963 -0.032
2014:08:06 10:44 112.42 184.08 76.96 165.00 1.00 1.61 0.703 7.72 0.307 558.29 0.971 8.44 3.97 0.967 0.970 0.093
2014:08:06 10:59 148.26 165.04 77.14 155.59 1.33 1.31 0.692 7.37 0.307 558.29 0.971 7.94 3.86 0.969 0.971 0.125
2014:08:06 11:14 244.65 144.61 83.22 128.96 1.97 0.81 0.681 6.39 0.309 558.29 0.971 7.30 3.72 0.971 0.973 0.184
2014:08:06 11:29 300.04 137.25 83.48 121.83 2.43 0.71 0.676 6.59 0.309 558.29 0.971 7.20 3.70 0.971 0.974 0.219
2014:08:06 11:44 373.13 131.06 83.40 114.72 3.07 0.63 0.673 6.49 0.309 558.29 0.971 7.05 3.67 0.972 0.974 0.263
2014:08:06 11:59 124.63 172.16 74.99 164.61 1.23 1.61 0.696 6.23 0.306 558.29 0.971 7.89 3.85 0.969 0.972 0.117
2014:08:06 12:14 462.67 121.47 84.37 105.57 3.80 0.49 0.667 5.35 0.310 558.29 0.971 6.60 3.57 0.973 0.976 0.317
2014:08:06 12:29 239.86 142.21 80.58 134.18 2.13 0.89 0.679 8.16 0.308 558.29 0.971 7.61 3.79 0.970 0.972 0.191
2014:08:06 12:44 362.72 125.49 87.15 115.49 2.87 0.49 0.669 6.95 0.311 558.29 0.971 7.05 3.67 0.972 0.974 0.251
2014:08:06 12:59 117.08 168.79 77.46 165.50 1.14 1.46 0.695 7.09 0.307 558.29 0.971 8.00 3.87 0.968 0.971 0.109
2014:08:06 13:14 3.48 229.45 55.86 230.68 0.07 5.54 0.730 5.69 0.299 558.29 0.971 9.13 4.11 0.965 0.968 0.007
2014:08:06 13:29 5.68 208.72 65.88 209.69 0.08 3.21 0.718 5.18 0.303 558.29 0.971 8.50 3.98 0.967 0.970 0.008
2014:08:06 13:44 300.11 125.60 89.81 119.43 2.31 0.45 0.670 8.73 0.312 558.29 0.971 7.37 3.74 0.971 0.973 0.207
2014:08:06 13:59 398.73 126.87 88.73 122.40 3.17 0.49 0.670 5.88 0.311 558.29 0.971 6.87 3.63 0.972 0.975 0.273
2014:08:06 14:14 400.92 126.82 89.18 124.54 3.19 0.49 0.670 5.18 0.311 558.29 0.971 6.70 3.59 0.973 0.975 0.279
2014:08:06 14:29 269.64 139.83 88.95 140.13 2.16 0.66 0.678 6.09 0.311 558.29 0.971 7.20 3.70 0.971 0.974 0.200
2014:08:06 14:44 193.19 150.83 84.47 154.34 1.70 0.95 0.684 7.05 0.310 558.29 0.971 7.62 3.79 0.970 0.972 0.159
2014:08:06 14:59 222.34 144.06 85.72 147.71 1.93 0.82 0.680 8.63 0.310 558.29 0.971 7.76 3.82 0.969 0.972 0.174
2014:08:06 15:14 191.33 152.96 84.50 159.00 1.72 1.00 0.685 8.05 0.310 558.29 0.971 7.86 3.85 0.969 0.972 0.157
2014:08:06 15:29 127.14 166.08 82.95 175.17 1.19 1.25 0.693 5.51 0.309 558.29 0.971 7.61 3.79 0.970 0.972 0.118
2014:08:06 15:44 69.69 175.24 79.52 185.85 0.71 1.55 0.698 7.54 0.308 558.29 0.971 8.26 3.93 0.968 0.970 0.070
2014:08:07 10:45 3.02 246.44 22.73 246.39 -0.43 78.47 0.740 7.30 0.285 558.29 0.971 9.62 4.20 0.963 0.966 -0.041
2014:08:07 11:00 2.61 246.45 22.44 246.43 -0.28 102.07 0.740 7.30 0.285 558.29 0.971 9.62 4.20 0.963 0.966 -0.027
2014:08:07 11:15 1.98 246.36 23.68 246.35 -0.30 59.60 0.740 7.30 0.285 558.29 0.971 9.63 4.20 0.963 0.966 -0.029
2014:08:07 11:30 0.61 245.75 25.57 245.74 -0.27 36.14 0.739 7.30 0.286 558.29 0.971 9.62 4.20 0.963 0.966 -0.026
2014:08:07 11:45 0.32 245.60 26.03 245.57 -0.28 32.14 0.739 7.30 0.286 558.29 0.971 9.61 4.20 0.963 0.966 -0.027
2014:08:07 12:00 3.53 246.36 22.89 246.30 -0.41 71.45 0.739 7.30 0.285 558.29 0.971 9.62 4.20 0.963 0.966 -0.040
2014:08:07 12:15 4.24 246.55 22.63 246.56 -0.49 78.17 0.740 7.30 0.285 558.29 0.971 9.62 4.20 0.963 0.966 -0.048
2014:08:07 12:30 3.33 246.55 23.40 246.53 -0.53 68.22 0.740 7.30 0.285 558.29 0.971 9.63 4.21 0.963 0.966 -0.052
2014:08:07 12:45 -4.43 244.58 30.55 244.59 -0.40 18.76 0.738 7.30 0.288 558.29 0.971 9.62 4.20 0.963 0.966 -0.039
2014:08:07 13:00 -7.07 240.90 38.76 240.99 -0.23 9.71 0.736 7.30 0.292 558.29 0.971 9.57 4.19 0.963 0.967 -0.022
2014:08:07 13:15 -4.67 195.09 62.57 195.83 -0.05 2.46 0.710 7.79 0.302 558.29 0.971 8.57 3.99 0.967 0.970 -0.006
2014:08:07 13:30 -1.76 228.64 47.15 229.11 -0.04 5.76 0.729 5.82 0.296 558.29 0.971 8.96 4.07 0.965 0.968 -0.003
2014:08:07 13:45 -2.62 232.55 45.60 233.13 -0.06 6.39 0.731 7.00 0.295 558.29 0.971 9.32 4.14 0.964 0.967 -0.005
2014:08:07 14:00 -3.01 241.79 38.50 241.83 -0.10 10.49 0.737 8.39 0.292 558.29 0.971 9.81 4.24 0.962 0.966 -0.010
2014:08:07 14:15 -2.66 242.62 35.41 242.70 -0.13 13.68 0.737 5.28 0.291 558.29 0.971 9.17 4.11 0.965 0.968 -0.012
2014:08:07 14:30 -2.84 245.08 33.08 245.05 -0.19 18.94 0.739 4.94 0.290 558.29 0.971 9.16 4.11 0.965 0.968 -0.018
2014:08:07 14:45 -3.11 245.13 34.43 245.15 -0.17 18.58 0.739 4.40 0.290 558.29 0.971 9.03 4.09 0.965 0.968 -0.017
2014:08:07 15:00 -3.80 231.95 49.71 232.75 -0.07 5.96 0.731 5.95 0.297 558.29 0.971 9.15 4.11 0.965 0.968 -0.007
2014:08:07 15:15 35.31 195.72 66.68 200.17 0.37 2.33 0.710 5.21 0.303 558.29 0.971 8.08 3.89 0.968 0.971 0.039
2014:08:07 15:30 29.74 217.89 55.06 220.30 0.45 4.19 0.723 7.00 0.299 558.29 0.971 9.01 4.08 0.965 0.968 0.042
2014:08:07 15:45 6.65 238.54 41.66 238.98 0.20 9.58 0.735 9.11 0.293 558.29 0.971 9.90 4.26 0.962 0.966 0.017
MATLAB Model Data - 07.25.14 to 09.13.14
Date & Time
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Table F.13. MATLAB Model Data from 07.25.14 to 09.13.14, Part 5 
 
Ptherm,sim TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:08:08 10:45 13.04 225.52 48.40 216.29 0.22 5.18 0.727 6.02 0.296 558.29 0.971 8.92 4.06 0.965 0.968 0.022
2014:08:08 11:00 15.27 220.63 48.88 220.14 0.26 4.99 0.725 6.67 0.296 558.29 0.971 8.94 4.07 0.965 0.968 0.025
2014:08:08 11:15 8.50 235.01 42.52 234.27 0.20 7.73 0.733 7.65 0.294 558.29 0.971 9.51 4.18 0.963 0.967 0.019
2014:08:08 11:30 2.38 242.97 38.58 242.96 0.08 11.45 0.738 6.18 0.292 558.29 0.971 9.43 4.17 0.964 0.967 0.007
2014:08:08 11:45 34.48 173.59 69.11 170.83 0.33 1.67 0.697 7.25 0.304 558.29 0.971 8.01 3.88 0.968 0.971 0.035
2014:08:08 12:00 68.01 189.91 63.67 187.02 0.76 2.38 0.707 7.20 0.302 558.29 0.971 8.37 3.95 0.967 0.970 0.073
2014:08:08 12:15 26.15 201.35 59.47 202.22 0.33 3.05 0.713 8.11 0.301 558.29 0.971 8.81 4.04 0.966 0.969 0.032
2014:08:08 12:30 23.08 201.79 60.78 201.28 0.29 2.93 0.714 5.11 0.301 558.29 0.971 8.17 3.91 0.968 0.971 0.030
2014:08:08 12:45 1.25 230.26 47.17 230.77 0.03 6.48 0.730 9.57 0.296 558.29 0.971 9.77 4.23 0.963 0.966 0.002
2014:08:08 13:00 18.47 191.48 63.83 191.81 0.21 2.46 0.708 10.90 0.302 558.29 0.971 9.04 4.09 0.965 0.968 0.020
2014:08:08 13:15 8.81 206.04 59.03 208.67 0.12 3.28 0.716 8.57 0.301 558.29 0.971 9.02 4.08 0.965 0.968 0.011
2014:08:08 13:30 6.58 218.74 54.96 220.16 0.10 4.24 0.723 6.19 0.299 558.29 0.971 8.86 4.05 0.966 0.969 0.010
2014:08:08 13:45 1.83 202.95 63.76 204.69 0.02 2.73 0.714 5.59 0.302 558.29 0.971 8.34 3.95 0.967 0.970 0.002
2014:08:08 14:00 -0.38 205.83 61.65 208.20 0.00 3.03 0.716 6.43 0.302 558.29 0.971 8.61 4.00 0.966 0.969 0.000
2014:08:08 14:15 22.68 184.08 70.55 187.71 0.23 1.87 0.703 5.93 0.305 558.29 0.971 7.99 3.87 0.968 0.971 0.024
2014:08:08 14:30 5.53 224.71 51.82 225.39 0.10 5.19 0.727 8.23 0.298 558.29 0.971 9.42 4.16 0.964 0.967 0.010
2014:08:08 14:45 -5.99 226.29 51.01 227.95 -0.12 5.33 0.728 9.50 0.297 558.29 0.971 9.67 4.21 0.963 0.966 -0.011
2014:08:08 15:00 -15.62 226.89 54.07 229.07 -0.27 4.78 0.728 5.42 0.299 558.29 0.971 8.89 4.06 0.965 0.969 -0.027
2014:08:08 15:15 -2.32 206.21 62.94 209.72 -0.03 2.98 0.716 6.82 0.302 558.29 0.971 8.72 4.02 0.966 0.969 -0.003
2014:08:08 15:30 2.98 178.79 71.03 186.81 0.03 1.76 0.700 8.07 0.305 558.29 0.971 8.31 3.94 0.967 0.970 0.003
2014:08:08 15:45 -4.00 233.97 45.55 236.30 -0.11 7.82 0.732 6.05 0.295 558.29 0.971 9.22 4.12 0.964 0.968 -0.011
2014:08:09 10:45 5.59 240.52 38.86 240.20 0.17 10.20 0.736 6.78 0.292 558.29 0.971 9.47 4.17 0.964 0.967 0.015
2014:08:09 11:00 6.37 241.39 39.85 241.52 0.18 10.03 0.737 5.57 0.293 558.29 0.971 9.24 4.13 0.964 0.968 0.017
2014:08:09 11:15 9.59 234.93 44.52 235.32 0.21 7.43 0.733 7.23 0.295 558.29 0.971 9.46 4.17 0.964 0.967 0.020
2014:08:09 11:30 97.53 174.13 75.20 171.75 0.83 1.41 0.698 5.28 0.307 558.29 0.971 7.60 3.79 0.970 0.972 0.086
2014:08:09 11:45 66.67 196.14 64.23 195.88 0.74 2.47 0.710 4.88 0.303 558.29 0.971 7.97 3.87 0.969 0.971 0.074
2014:08:09 12:00 30.36 222.10 52.91 222.92 0.49 4.70 0.725 5.33 0.298 558.29 0.971 8.73 4.03 0.966 0.969 0.047
2014:08:09 12:15 28.64 204.41 59.93 204.61 0.37 3.12 0.715 5.50 0.301 558.29 0.971 8.34 3.95 0.967 0.970 0.037
2014:08:09 12:30 14.13 231.66 47.02 232.29 0.31 6.63 0.731 8.65 0.296 558.29 0.971 9.65 4.21 0.963 0.966 0.027
2014:08:09 12:45 42.70 183.20 72.20 184.42 0.41 1.74 0.703 4.68 0.305 558.29 0.971 7.64 3.80 0.970 0.972 0.044
2014:08:09 13:00 12.13 231.85 50.40 232.91 0.23 5.77 0.731 4.57 0.297 558.29 0.971 8.78 4.04 0.966 0.969 0.023
2014:08:09 13:15 75.94 154.65 84.00 152.71 0.58 0.88 0.686 6.48 0.310 558.29 0.971 7.49 3.76 0.970 0.973 0.062
2014:08:09 13:30 34.69 215.74 55.33 215.38 0.55 4.22 0.722 5.55 0.299 558.29 0.971 8.64 4.01 0.966 0.969 0.053
2014:08:09 13:45 94.76 167.74 75.39 167.78 0.86 1.38 0.694 6.15 0.307 558.29 0.971 7.70 3.81 0.969 0.972 0.088
2014:08:09 14:00 143.64 147.28 85.68 145.52 1.08 0.76 0.682 6.07 0.310 558.29 0.971 7.27 3.72 0.971 0.973 0.112
2014:08:09 14:15 251.57 145.59 76.56 141.36 2.28 1.02 0.681 8.69 0.307 558.29 0.971 7.72 3.81 0.969 0.972 0.199
2014:08:09 14:30 165.98 143.76 77.95 146.72 1.47 0.94 0.680 8.06 0.308 558.29 0.971 7.57 3.78 0.970 0.973 0.142
2014:08:09 14:45 299.00 125.91 81.55 128.92 2.50 0.60 0.670 7.72 0.309 558.29 0.971 7.15 3.69 0.971 0.974 0.225
2014:08:09 15:00 77.33 182.25 71.03 187.83 0.82 1.92 0.702 5.20 0.305 558.29 0.971 7.80 3.83 0.969 0.972 0.083
2014:08:09 15:15 47.07 207.43 60.16 212.69 0.69 3.48 0.717 6.62 0.301 558.29 0.971 8.72 4.02 0.966 0.969 0.065
2014:08:09 15:30 8.67 232.71 48.27 234.28 0.22 6.91 0.732 7.47 0.296 558.29 0.971 9.50 4.18 0.963 0.967 0.020
2014:08:09 15:45 2.20 235.17 49.43 236.40 0.05 6.55 0.733 5.45 0.297 558.29 0.971 9.12 4.11 0.965 0.968 0.005
2014:08:10 10:45 25.58 233.18 47.07 232.79 0.53 7.09 0.732 5.52 0.296 558.29 0.971 9.08 4.10 0.965 0.968 0.049
2014:08:10 11:00 128.35 175.88 75.00 171.48 1.13 1.49 0.699 3.50 0.306 558.29 0.971 7.10 3.68 0.971 0.974 0.119
2014:08:10 11:15 25.05 229.46 49.63 229.50 0.49 6.00 0.730 5.40 0.297 558.29 0.971 8.95 4.07 0.965 0.968 0.046
2014:08:10 11:30 89.20 183.06 69.60 179.35 0.91 1.96 0.703 5.98 0.305 558.29 0.971 8.00 3.87 0.968 0.971 0.089
2014:08:10 11:45 107.15 174.22 73.10 167.17 1.02 1.60 0.698 5.75 0.306 558.29 0.971 7.75 3.82 0.969 0.972 0.101
2014:08:10 12:00 231.28 157.49 78.29 150.55 1.99 1.12 0.688 4.75 0.308 558.29 0.971 7.14 3.69 0.971 0.974 0.189
2014:08:10 12:15 37.38 217.99 56.28 218.33 0.59 4.39 0.723 4.92 0.299 558.29 0.971 8.57 3.99 0.967 0.970 0.057
2014:08:10 12:30 174.47 153.25 80.26 148.06 1.47 1.00 0.686 6.21 0.308 558.29 0.971 7.40 3.75 0.970 0.973 0.144
2014:08:10 12:45 1.36 243.42 38.34 243.57 0.08 14.15 0.738 4.81 0.292 558.29 0.971 9.14 4.11 0.965 0.968 0.007
2014:08:10 13:00 -1.19 245.68 33.39 245.69 -0.20 27.49 0.739 5.84 0.290 558.29 0.971 9.45 4.17 0.964 0.967 -0.019
2014:08:10 13:15 -5.93 243.36 39.77 243.63 -0.28 12.58 0.738 5.14 0.293 558.29 0.971 9.24 4.13 0.964 0.968 -0.028
2014:08:10 13:30 -9.64 239.09 47.27 239.75 -0.25 7.53 0.735 4.66 0.296 558.29 0.971 9.02 4.08 0.965 0.968 -0.025
2014:08:10 13:45 -1.18 207.99 63.11 209.49 -0.02 3.06 0.717 4.82 0.302 558.29 0.971 8.29 3.93 0.968 0.970 -0.002
2014:08:10 14:00 5.99 228.43 52.04 228.82 0.12 5.66 0.729 4.51 0.298 558.29 0.971 8.71 4.02 0.966 0.969 0.012
2014:08:10 14:15 -7.44 237.27 49.11 237.97 -0.18 7.26 0.734 6.02 0.297 558.29 0.971 9.35 4.15 0.964 0.967 -0.017
2014:08:10 14:30 4.06 213.91 60.31 216.60 0.06 3.61 0.721 5.94 0.301 558.29 0.971 8.73 4.03 0.966 0.969 0.006
2014:08:10 14:45 17.70 214.30 59.87 216.87 0.26 3.79 0.721 7.35 0.301 558.29 0.971 9.06 4.09 0.965 0.968 0.025
2014:08:10 15:00 100.61 152.44 85.13 156.79 0.80 0.87 0.685 6.10 0.310 558.29 0.971 7.40 3.75 0.970 0.973 0.084
2014:08:10 15:15 35.20 184.23 71.45 190.94 0.38 1.97 0.703 5.73 0.305 558.29 0.971 7.99 3.87 0.968 0.971 0.040
2014:08:10 15:30 140.15 170.45 73.62 178.10 1.45 1.60 0.696 4.92 0.306 558.29 0.971 7.46 3.76 0.970 0.973 0.141
2014:08:10 15:45 1.26 245.16 35.66 245.23 0.18 20.71 0.739 5.47 0.291 558.29 0.971 9.36 4.15 0.964 0.967 0.017
2014:08:11 10:45 11.47 214.92 50.78 213.05 0.19 4.60 0.721 7.74 0.297 558.29 0.971 9.03 4.09 0.965 0.968 0.018
2014:08:11 11:00 63.40 176.51 67.11 172.80 0.65 1.86 0.699 8.57 0.304 558.29 0.971 8.31 3.94 0.967 0.970 0.064
2014:08:11 11:15 53.28 169.56 70.20 161.08 0.52 1.57 0.695 8.33 0.305 558.29 0.971 8.12 3.90 0.968 0.971 0.052
2014:08:11 11:30 16.04 205.48 53.59 204.34 0.26 3.94 0.716 6.25 0.298 558.29 0.971 8.51 3.98 0.967 0.970 0.026
2014:08:11 11:45 13.93 179.63 65.26 175.48 0.16 2.06 0.701 8.08 0.303 558.29 0.971 8.29 3.94 0.967 0.970 0.016
2014:08:11 12:00 31.89 166.97 68.87 163.59 0.33 1.62 0.693 9.50 0.304 558.29 0.971 8.26 3.93 0.968 0.970 0.033
2014:08:11 12:15 26.83 173.25 66.36 169.48 0.29 1.92 0.697 12.51 0.303 558.29 0.971 8.82 4.04 0.966 0.969 0.029
MATLAB Model Data - 07.25.14 to 09.13.14
Date & Time
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Table F.14. MATLAB Model Data from 07.25.14 to 09.13.14, Part 6 
 
Ptherm,sim TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:08:11 12:30 66.30 151.00 75.79 145.50 0.59 1.08 0.684 11.42 0.307 558.29 0.971 8.20 3.92 0.968 0.971 0.059
2014:08:11 12:45 175.61 133.80 82.61 128.89 1.37 0.65 0.674 8.85 0.309 558.29 0.971 7.49 3.76 0.970 0.973 0.134
2014:08:11 13:00 33.95 162.97 71.73 159.68 0.33 1.44 0.691 10.06 0.305 558.29 0.971 8.27 3.93 0.968 0.970 0.034
2014:08:11 13:15 52.47 150.45 78.71 147.98 0.44 0.98 0.684 9.47 0.308 558.29 0.971 7.93 3.86 0.969 0.971 0.046
2014:08:11 13:30 59.64 157.52 77.48 155.56 0.52 1.14 0.688 8.84 0.307 558.29 0.971 7.99 3.87 0.968 0.971 0.053
2014:08:11 13:45 21.73 174.89 69.69 176.67 0.23 1.79 0.698 9.54 0.305 558.29 0.971 8.48 3.97 0.967 0.970 0.023
2014:08:11 14:00 131.98 124.51 85.87 124.07 0.99 0.47 0.669 10.84 0.310 558.29 0.971 7.59 3.79 0.970 0.973 0.100
2014:08:11 14:15 174.60 134.70 85.88 132.80 1.31 0.60 0.675 7.15 0.310 558.29 0.971 7.22 3.71 0.971 0.974 0.133
2014:08:11 14:30 26.56 169.48 73.63 173.32 0.26 1.51 0.695 7.36 0.306 558.29 0.971 7.99 3.87 0.968 0.971 0.027
2014:08:11 14:45 110.99 136.83 82.71 141.29 0.89 0.71 0.676 11.93 0.309 558.29 0.971 8.00 3.87 0.968 0.971 0.088
2014:08:11 15:00 81.96 147.65 79.72 155.92 0.70 0.94 0.682 8.24 0.308 558.29 0.971 7.68 3.81 0.969 0.972 0.073
2014:08:11 15:15 93.46 146.33 76.00 158.53 0.87 1.05 0.682 12.42 0.307 558.29 0.971 8.23 3.92 0.968 0.971 0.084
2014:08:11 15:30 -2.37 233.77 44.42 235.56 -0.08 8.42 0.732 13.09 0.295 558.29 0.971 10.37 4.35 0.961 0.964 -0.007
2014:08:11 15:45 -13.46 219.51 52.21 224.19 -0.27 5.00 0.724 9.21 0.298 558.29 0.971 9.46 4.17 0.964 0.967 -0.026
2014:08:12 10:45 182.47 154.11 78.70 125.13 1.37 0.93 0.686 8.74 0.308 558.29 0.971 7.84 3.84 0.969 0.972 0.130
2014:08:12 11:00 326.52 125.81 76.97 115.24 2.58 0.62 0.670 8.47 0.307 558.29 0.971 7.20 3.70 0.971 0.974 0.229
2014:08:12 11:15 347.50 113.56 74.14 98.32 2.94 0.53 0.663 12.00 0.306 558.29 0.971 7.43 3.75 0.970 0.973 0.247
2014:08:12 11:30 433.58 104.23 73.69 90.41 3.76 0.42 0.657 12.14 0.306 558.29 0.971 7.25 3.71 0.971 0.974 0.297
2014:08:12 11:45 413.40 110.83 76.52 100.56 3.41 0.45 0.661 7.42 0.307 558.29 0.971 6.73 3.60 0.973 0.975 0.292
2014:08:12 12:00 471.14 100.68 75.33 91.25 4.03 0.35 0.655 12.40 0.307 558.29 0.971 7.21 3.70 0.971 0.974 0.312
2014:08:12 12:15 269.08 124.53 77.84 118.62 2.20 0.61 0.669 13.49 0.307 558.29 0.971 7.86 3.84 0.969 0.972 0.191
2014:08:12 12:30 510.18 101.01 76.63 93.80 4.33 0.33 0.655 9.07 0.307 558.29 0.971 6.81 3.61 0.972 0.975 0.338
2014:08:12 12:45 -460.21 91.73 131.64 85.39 -2.31 -0.30 0.650 12.54 0.326 558.29 0.971 7.21 3.70 0.971 0.974 -0.289
2014:08:12 13:00 342.10 113.66 76.56 108.53 2.93 0.51 0.663 12.73 0.307 558.29 0.971 7.54 3.78 0.970 0.973 0.244
2014:08:12 13:15 503.22 102.98 78.72 96.11 4.18 0.33 0.656 7.50 0.308 558.29 0.971 6.60 3.57 0.973 0.976 0.336
2014:08:12 13:30 468.16 102.35 77.63 98.13 4.00 0.34 0.656 9.54 0.307 558.29 0.971 6.91 3.64 0.972 0.975 0.319
2014:08:12 13:45 491.39 99.93 78.69 97.84 4.13 0.29 0.655 7.60 0.308 558.29 0.971 6.56 3.56 0.973 0.976 0.335
2014:08:12 14:00 389.86 103.70 80.81 103.50 3.17 0.31 0.657 9.11 0.309 558.29 0.971 6.89 3.63 0.972 0.975 0.273
2014:08:12 14:15 381.79 105.63 81.27 106.72 3.09 0.32 0.658 8.97 0.309 558.29 0.971 6.91 3.64 0.972 0.975 0.268
2014:08:12 14:30 112.16 149.89 75.01 154.49 1.03 1.10 0.684 7.33 0.306 558.29 0.971 7.54 3.77 0.970 0.973 0.104
2014:08:12 14:45 193.11 122.42 84.01 129.54 1.49 0.48 0.668 8.70 0.310 558.29 0.971 7.22 3.71 0.971 0.974 0.148
2014:08:12 15:00 142.81 127.45 80.72 136.91 1.18 0.62 0.671 12.80 0.308 558.29 0.971 7.87 3.85 0.969 0.972 0.114
2014:08:12 15:15 143.12 138.29 79.23 151.13 1.22 0.81 0.677 8.56 0.308 558.29 0.971 7.52 3.77 0.970 0.973 0.122
2014:08:12 15:30 75.84 164.11 71.51 176.02 0.77 1.49 0.692 6.98 0.305 558.29 0.971 7.76 3.82 0.969 0.972 0.079
2014:08:12 15:45 24.54 182.49 62.97 194.71 0.32 2.41 0.702 11.79 0.302 558.29 0.971 8.94 4.07 0.965 0.968 0.030
2014:08:13 10:46 273.50 148.25 80.88 124.90 2.03 0.82 0.683 5.55 0.309 558.29 0.971 7.09 3.68 0.971 0.974 0.193
2014:08:13 11:01 89.30 179.59 61.32 175.51 1.03 2.28 0.701 6.69 0.301 558.29 0.971 8.00 3.87 0.968 0.971 0.099
2014:08:13 11:16 233.44 132.71 77.89 122.35 1.87 0.71 0.674 7.41 0.308 558.29 0.971 7.18 3.70 0.971 0.974 0.179
2014:08:13 11:31 599.24 103.14 74.25 90.59 5.29 0.41 0.656 7.06 0.306 558.29 0.971 6.51 3.54 0.973 0.976 0.390
2014:08:13 11:46 412.17 114.59 76.04 105.33 3.53 0.53 0.663 9.25 0.307 558.29 0.971 7.11 3.68 0.971 0.974 0.288
2014:08:13 12:01 427.74 121.44 80.40 114.71 3.40 0.52 0.667 5.81 0.308 558.29 0.971 6.63 3.57 0.973 0.975 0.293
2014:08:13 12:16 409.44 116.57 78.49 112.48 3.40 0.51 0.664 6.82 0.308 558.29 0.971 6.75 3.60 0.973 0.975 0.290
2014:08:13 12:31 282.68 132.21 78.99 128.66 2.33 0.71 0.673 7.80 0.308 558.29 0.971 7.25 3.71 0.971 0.974 0.211
2014:08:13 12:46 535.93 110.89 79.57 104.30 4.45 0.42 0.661 7.91 0.308 558.29 0.971 6.84 3.62 0.972 0.975 0.342
2014:08:13 13:01 367.48 132.58 77.61 127.70 3.18 0.77 0.674 8.12 0.307 558.29 0.971 7.32 3.73 0.971 0.973 0.263
2014:08:13 13:16 380.59 121.65 84.24 116.34 2.91 0.46 0.667 5.93 0.310 558.29 0.971 6.68 3.59 0.973 0.975 0.262
2014:08:13 13:31 604.47 101.35 78.01 97.22 5.31 0.34 0.655 8.60 0.308 558.29 0.971 6.75 3.60 0.973 0.975 0.384
2014:08:13 13:46 75.96 167.31 68.48 165.88 0.83 1.70 0.694 8.67 0.304 558.29 0.971 8.13 3.90 0.968 0.971 0.081
2014:08:13 14:01 47.24 180.02 66.02 180.93 0.55 2.12 0.701 7.61 0.303 558.29 0.971 8.24 3.93 0.968 0.971 0.055
2014:08:13 14:16 116.77 142.07 82.42 140.97 0.94 0.78 0.679 6.67 0.309 558.29 0.971 7.26 3.71 0.971 0.974 0.100
2014:08:13 14:31 378.58 111.46 84.81 110.24 2.96 0.35 0.661 6.81 0.310 558.29 0.971 6.66 3.58 0.973 0.975 0.266
2014:08:13 14:46 20.18 198.46 58.94 201.93 0.30 3.26 0.712 6.23 0.301 558.29 0.971 8.38 3.95 0.967 0.970 0.031
2014:08:13 15:01 31.38 188.46 64.94 194.28 0.39 2.43 0.706 6.08 0.303 558.29 0.971 8.13 3.90 0.968 0.971 0.040
2014:08:13 15:16 215.61 140.07 82.16 151.34 1.79 0.78 0.678 4.86 0.309 558.29 0.971 6.80 3.61 0.972 0.975 0.179
2014:08:13 15:31 35.93 189.73 61.85 200.06 0.50 2.79 0.707 7.80 0.302 558.29 0.971 8.51 3.98 0.967 0.970 0.049
2014:08:13 15:46 103.62 163.79 75.19 179.96 1.00 1.37 0.692 5.45 0.307 558.29 0.971 7.44 3.75 0.970 0.973 0.103
2014:08:14 10:46 283.32 150.42 81.21 128.10 2.16 0.87 0.684 5.16 0.309 558.29 0.971 7.06 3.67 0.972 0.974 0.203
2014:08:14 11:01 371.59 135.44 77.41 119.79 3.10 0.78 0.675 5.77 0.307 558.29 0.971 6.91 3.64 0.972 0.975 0.269
2014:08:14 11:16 413.57 126.67 75.19 110.33 3.67 0.73 0.670 6.61 0.307 558.29 0.971 6.92 3.64 0.972 0.975 0.301
2014:08:14 11:31 522.34 116.34 75.90 101.34 4.64 0.57 0.664 5.32 0.307 558.29 0.971 6.42 3.52 0.974 0.976 0.364
2014:08:14 11:46 510.15 116.68 75.15 102.83 4.67 0.61 0.664 6.66 0.307 558.29 0.971 6.72 3.59 0.973 0.975 0.356
2014:08:14 12:01 201.74 150.90 75.85 143.05 1.83 1.10 0.684 5.34 0.307 558.29 0.971 7.13 3.68 0.971 0.974 0.176
2014:08:14 12:16 392.49 120.46 81.65 109.69 3.21 0.51 0.667 5.74 0.309 558.29 0.971 6.62 3.57 0.973 0.975 0.282
2014:08:14 12:31 -787.16 98.13 166.27 90.55 -2.04 -0.25 0.654 6.77 0.330 558.29 0.971 6.52 3.55 0.973 0.976 -0.480
2014:08:14 12:46 628.90 103.09 78.24 95.34 5.65 0.36 0.656 5.81 0.308 558.29 0.971 6.28 3.49 0.974 0.976 0.412
2014:08:14 13:01 557.31 105.36 79.56 98.75 4.91 0.37 0.658 6.81 0.308 558.29 0.971 6.54 3.55 0.973 0.976 0.372
2014:08:14 13:16 244.16 139.07 78.56 135.84 2.18 0.87 0.677 7.47 0.308 558.29 0.971 7.36 3.74 0.971 0.973 0.199
2014:08:14 13:31 365.34 121.15 81.35 118.40 3.12 0.55 0.667 6.60 0.309 558.29 0.971 6.82 3.62 0.972 0.975 0.272
2014:08:14 13:46 141.16 160.86 76.46 162.61 1.34 1.28 0.690 5.53 0.307 558.29 0.971 7.40 3.74 0.970 0.973 0.133
2014:08:14 14:01 42.91 168.20 79.36 171.84 0.39 1.28 0.694 5.11 0.308 558.29 0.971 7.47 3.76 0.970 0.973 0.043
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Table F.15. MATLAB Model Data from 07.25.14 to 09.13.14, Part 7 
 
Ptherm,sim TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:08:14 14:16 84.42 151.47 84.56 154.30 0.68 0.88 0.685 6.34 0.310 558.29 0.971 7.42 3.75 0.970 0.973 0.073
2014:08:14 14:31 268.04 125.54 90.17 125.75 1.98 0.43 0.669 4.91 0.312 558.29 0.971 6.54 3.55 0.973 0.976 0.200
2014:08:14 14:46 288.25 134.59 82.46 136.98 2.48 0.72 0.675 5.75 0.309 558.29 0.971 6.92 3.64 0.972 0.975 0.228
2014:08:14 15:01 41.13 187.19 67.20 193.99 0.52 2.33 0.705 8.14 0.304 558.29 0.971 8.54 3.99 0.967 0.970 0.050
2014:08:14 15:16 76.74 166.84 75.45 175.72 0.78 1.46 0.693 6.47 0.307 558.29 0.971 7.77 3.82 0.969 0.972 0.079
2014:08:14 15:31 145.18 164.69 72.91 175.88 1.57 1.57 0.692 5.98 0.306 558.29 0.971 7.61 3.79 0.970 0.972 0.149
2014:08:14 15:46 20.92 212.65 53.84 219.41 0.44 5.00 0.720 5.53 0.298 558.29 0.971 8.60 4.00 0.966 0.969 0.043
2014:08:15 10:45 102.95 143.00 84.52 135.34 0.73 0.68 0.680 10.42 0.310 558.29 0.971 7.91 3.85 0.969 0.972 0.074
2014:08:15 11:00 133.87 167.74 70.44 164.53 1.27 1.51 0.694 8.62 0.305 558.29 0.971 8.12 3.90 0.968 0.971 0.118
2014:08:15 11:15 15.76 234.77 44.91 234.95 0.37 7.25 0.733 6.48 0.295 558.29 0.971 9.29 4.14 0.964 0.967 0.034
2014:08:15 11:30 8.82 229.11 48.89 229.11 0.17 6.16 0.730 9.26 0.296 558.29 0.971 9.71 4.22 0.963 0.966 0.015
2014:08:15 11:45 215.80 135.00 88.18 124.50 1.50 0.52 0.675 4.64 0.311 558.29 0.971 6.64 3.58 0.973 0.975 0.158
2014:08:15 12:00 317.16 128.98 81.08 120.13 2.53 0.61 0.671 6.54 0.309 558.29 0.971 6.97 3.65 0.972 0.974 0.230
2014:08:15 12:15 165.46 145.62 76.98 138.32 1.43 0.97 0.681 9.83 0.307 558.29 0.971 7.90 3.85 0.969 0.972 0.134
2014:08:15 12:30 254.27 134.72 78.21 129.10 2.18 0.78 0.675 9.40 0.308 558.29 0.971 7.60 3.79 0.970 0.972 0.194
2014:08:15 12:45 240.59 132.29 80.50 128.18 1.98 0.69 0.673 9.51 0.308 558.29 0.971 7.58 3.78 0.970 0.973 0.181
2014:08:15 13:00 478.20 113.71 81.50 106.51 3.93 0.42 0.663 5.02 0.309 558.29 0.971 6.32 3.50 0.974 0.976 0.331
2014:08:15 13:15 194.99 145.59 77.71 143.11 1.73 0.98 0.681 9.24 0.307 558.29 0.971 7.82 3.84 0.969 0.972 0.158
2014:08:15 13:30 261.51 133.05 83.61 131.58 2.08 0.64 0.674 7.09 0.309 558.29 0.971 7.20 3.70 0.971 0.974 0.195
2014:08:15 13:45 158.37 153.93 79.34 155.93 1.38 1.06 0.686 7.22 0.308 558.29 0.971 7.66 3.80 0.970 0.972 0.133
2014:08:15 14:00 54.98 196.80 64.37 199.91 0.70 2.79 0.711 8.62 0.303 558.29 0.971 8.86 4.05 0.966 0.969 0.065
2014:08:15 14:15 15.92 213.37 60.84 215.58 0.23 3.70 0.720 7.61 0.301 558.29 0.971 9.10 4.10 0.965 0.968 0.022
2014:08:15 14:30 101.95 149.23 86.44 153.16 0.79 0.79 0.683 6.50 0.310 558.29 0.971 7.44 3.75 0.970 0.973 0.083
2014:08:15 14:45 172.45 147.49 82.04 152.45 1.47 0.90 0.682 7.71 0.309 558.29 0.971 7.63 3.79 0.970 0.972 0.140
2014:08:15 15:00 103.94 172.45 75.81 179.08 1.02 1.55 0.697 5.83 0.307 558.29 0.971 7.78 3.83 0.969 0.972 0.101
2014:08:15 15:15 41.65 197.26 68.98 204.05 0.49 2.50 0.711 5.20 0.304 558.29 0.971 8.19 3.92 0.968 0.971 0.049
2014:08:15 15:30 18.44 216.36 60.60 221.25 0.28 3.93 0.722 5.37 0.301 558.29 0.971 8.69 4.02 0.966 0.969 0.028
2014:08:15 15:45 31.78 205.53 64.71 212.82 0.43 3.08 0.716 6.29 0.303 558.29 0.971 8.64 4.01 0.966 0.969 0.042
2014:08:16 10:46 0.63 246.24 24.09 246.17 -0.33 52.89 0.739 7.85 0.285 558.29 0.971 9.73 4.22 0.963 0.966 -0.031
2014:08:16 11:01 -0.04 245.81 25.70 245.71 -0.11 37.75 0.739 10.00 0.286 558.29 0.971 10.08 4.29 0.962 0.965 -0.010
2014:08:16 11:16 -0.21 245.76 26.43 245.67 -0.12 37.63 0.739 11.66 0.286 558.29 0.971 10.33 4.34 0.961 0.964 -0.010
2014:08:16 11:31 -2.99 236.51 39.25 236.55 -0.09 8.63 0.734 7.83 0.292 558.29 0.971 9.54 4.19 0.963 0.967 -0.009
2014:08:16 11:46 1.46 234.34 39.51 234.48 0.05 8.42 0.733 8.44 0.292 558.29 0.971 9.59 4.20 0.963 0.967 0.004
2014:08:16 12:01 -1.03 244.84 30.22 244.83 -0.11 21.42 0.739 9.35 0.288 558.29 0.971 10.00 4.28 0.962 0.965 -0.010
2014:08:16 12:16 -3.84 243.67 34.70 243.70 -0.19 14.30 0.738 9.76 0.290 558.29 0.971 10.07 4.29 0.962 0.965 -0.017
2014:08:16 12:31 -5.46 228.81 47.46 229.39 -0.11 5.98 0.729 9.48 0.296 558.29 0.971 9.69 4.22 0.963 0.966 -0.010
2014:08:16 12:46 63.31 148.99 78.90 146.16 0.51 0.92 0.683 9.84 0.308 558.29 0.971 7.94 3.86 0.969 0.971 0.052
2014:08:16 13:01 198.45 123.86 79.64 121.81 1.58 0.57 0.669 13.55 0.308 558.29 0.971 7.87 3.85 0.969 0.972 0.146
2014:08:16 13:16 195.00 131.22 80.17 129.32 1.55 0.65 0.673 9.88 0.308 558.29 0.971 7.58 3.79 0.970 0.973 0.148
2014:08:16 13:31 131.97 146.16 79.94 147.76 1.06 0.87 0.681 6.97 0.308 558.29 0.971 7.41 3.75 0.970 0.973 0.108
2014:08:16 13:46 81.43 159.41 78.80 163.44 0.67 1.10 0.689 6.04 0.308 558.29 0.971 7.50 3.77 0.970 0.973 0.071
2014:08:16 14:01 61.78 164.16 74.67 168.56 0.56 1.35 0.692 10.11 0.306 558.29 0.971 8.34 3.95 0.967 0.970 0.055
2014:08:16 14:16 46.06 172.51 73.58 177.82 0.43 1.54 0.697 8.06 0.306 558.29 0.971 8.20 3.92 0.968 0.971 0.044
2014:08:16 14:31 46.48 174.60 70.80 180.85 0.46 1.72 0.698 9.97 0.305 558.29 0.971 8.54 3.99 0.967 0.970 0.045
2014:08:16 14:46 1.20 229.44 50.24 231.15 0.02 6.08 0.730 10.69 0.297 558.29 0.971 9.97 4.27 0.962 0.965 0.002
2014:08:16 15:01 -5.54 231.28 51.60 232.80 -0.10 5.96 0.731 7.94 0.298 558.29 0.971 9.59 4.20 0.963 0.967 -0.010
2014:08:16 15:16 -3.43 222.42 55.46 225.48 -0.05 4.67 0.726 8.01 0.299 558.29 0.971 9.37 4.15 0.964 0.967 -0.005
2014:08:16 15:31 28.93 194.02 67.80 201.94 0.32 2.37 0.709 6.69 0.304 558.29 0.971 8.44 3.97 0.967 0.970 0.032
2014:08:16 15:46 21.02 204.81 61.95 212.46 0.27 3.19 0.715 8.24 0.302 558.29 0.971 8.99 4.08 0.965 0.968 0.026
2014:08:17 10:46 12.24 219.61 50.73 217.84 0.19 4.54 0.724 5.95 0.297 558.29 0.971 8.76 4.03 0.966 0.969 0.019
2014:08:17 11:01 13.29 229.41 45.47 229.18 0.27 6.13 0.730 5.33 0.295 558.29 0.971 8.84 4.05 0.966 0.969 0.026
2014:08:17 11:16 2.76 242.91 34.67 242.82 0.12 14.05 0.737 9.56 0.290 558.29 0.971 10.01 4.28 0.962 0.965 0.011
2014:08:17 11:31 -2.74 235.92 39.61 235.95 -0.08 9.52 0.733 8.39 0.293 558.29 0.971 9.66 4.21 0.963 0.966 -0.008
2014:08:17 11:46 2.17 221.27 51.33 221.23 0.04 4.62 0.725 6.85 0.297 558.29 0.971 9.02 4.08 0.965 0.968 0.003
2014:08:17 12:01 1.31 240.32 39.76 240.63 0.04 9.75 0.736 6.63 0.293 558.29 0.971 9.44 4.17 0.964 0.967 0.004
2014:08:17 12:16 -2.18 237.48 41.38 237.97 -0.06 8.34 0.734 9.89 0.293 558.29 0.971 9.95 4.27 0.962 0.965 -0.005
2014:08:17 12:31 -3.12 244.68 34.30 244.71 -0.16 15.74 0.739 5.68 0.290 558.29 0.971 9.33 4.15 0.964 0.967 -0.016
2014:08:17 12:46 -6.75 243.50 36.67 243.60 -0.28 12.33 0.738 6.74 0.291 558.29 0.971 9.54 4.19 0.963 0.967 -0.027
2014:08:17 13:01 -6.50 242.65 38.61 242.84 -0.23 11.17 0.737 8.01 0.292 558.29 0.971 9.79 4.24 0.963 0.966 -0.021
2014:08:17 13:16 -7.62 241.21 39.40 241.57 -0.25 10.65 0.737 7.76 0.292 558.29 0.971 9.71 4.22 0.963 0.966 -0.024
2014:08:17 13:31 -9.42 223.47 50.62 224.75 -0.17 4.91 0.726 9.19 0.297 558.29 0.971 9.51 4.18 0.963 0.967 -0.016
2014:08:17 13:46 -4.37 241.01 38.61 241.28 -0.16 11.13 0.736 8.44 0.292 558.29 0.971 9.82 4.24 0.962 0.966 -0.015
2014:08:17 14:01 -15.92 224.05 51.29 225.56 -0.28 4.82 0.727 6.39 0.297 558.29 0.971 9.00 4.08 0.965 0.968 -0.028
2014:08:17 14:16 -3.92 239.51 42.25 239.99 -0.11 8.45 0.736 6.15 0.294 558.29 0.971 9.33 4.15 0.964 0.967 -0.011
2014:08:17 14:31 -5.16 244.09 35.57 244.21 -0.27 14.87 0.738 6.96 0.291 558.29 0.971 9.62 4.20 0.963 0.966 -0.025
2014:08:17 14:46 -12.98 237.76 44.32 238.39 -0.33 7.50 0.735 5.26 0.295 558.29 0.971 9.08 4.10 0.965 0.968 -0.033
2014:08:17 15:01 -6.48 235.04 44.60 236.08 -0.16 7.25 0.733 8.94 0.295 558.29 0.971 9.76 4.23 0.963 0.966 -0.015
2014:08:17 15:16 -8.27 240.70 41.76 240.95 -0.25 8.90 0.736 5.07 0.293 558.29 0.971 9.10 4.10 0.965 0.968 -0.025
2014:08:17 15:31 -9.23 240.08 42.05 240.53 -0.27 8.78 0.736 6.79 0.294 558.29 0.971 9.49 4.18 0.964 0.967 -0.027
2014:08:17 15:46 -8.59 235.36 45.01 236.49 -0.21 7.04 0.733 7.09 0.295 558.29 0.971 9.43 4.17 0.964 0.967 -0.020
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Table F.16. MATLAB Model Data from 07.25.14 to 09.13.14, Part 8 
 
Ptherm,sim TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:08:18 10:46 40.17 213.71 51.03 212.45 0.62 4.34 0.721 8.30 0.297 558.29 0.971 9.09 4.10 0.965 0.968 0.056
2014:08:18 11:01 30.21 222.93 48.98 220.97 0.51 5.32 0.726 4.65 0.297 558.29 0.971 8.53 3.99 0.967 0.970 0.050
2014:08:18 11:16 77.20 178.58 64.76 176.09 0.81 2.03 0.700 7.40 0.303 558.29 0.971 8.14 3.90 0.968 0.971 0.080
2014:08:18 11:31 128.53 159.28 75.58 155.00 1.08 1.17 0.689 7.02 0.307 558.29 0.971 7.68 3.81 0.970 0.972 0.107
2014:08:18 11:46 641.13 102.87 75.24 89.23 5.57 0.38 0.656 6.51 0.307 558.29 0.971 6.41 3.52 0.974 0.976 0.404
2014:08:18 12:01 246.13 139.41 75.61 133.36 2.12 0.89 0.678 6.55 0.307 558.29 0.971 7.15 3.69 0.971 0.974 0.198
2014:08:18 12:16 393.21 121.59 78.79 115.21 3.22 0.56 0.667 6.63 0.308 558.29 0.971 6.83 3.62 0.972 0.975 0.277
2014:08:18 12:31 617.23 103.02 74.46 100.94 5.61 0.41 0.656 7.30 0.306 558.29 0.971 6.57 3.56 0.973 0.976 0.401
2014:08:18 12:46 626.92 101.03 75.17 97.16 5.68 0.37 0.655 6.89 0.307 558.29 0.971 6.46 3.53 0.974 0.976 0.407
2014:08:18 13:01 556.55 104.21 76.53 99.63 4.95 0.39 0.657 8.02 0.307 558.29 0.971 6.72 3.59 0.973 0.975 0.368
2014:08:18 13:16 602.73 101.88 74.59 95.86 5.63 0.40 0.656 7.33 0.306 558.29 0.971 6.56 3.56 0.973 0.976 0.402
2014:08:18 13:31 511.32 113.35 78.20 108.21 4.44 0.49 0.662 6.05 0.308 558.29 0.971 6.55 3.55 0.973 0.976 0.351
2014:08:18 13:46 608.98 104.83 77.75 99.68 5.42 0.38 0.657 5.91 0.307 558.29 0.971 6.35 3.51 0.974 0.976 0.400
2014:08:18 14:01 486.88 112.83 78.09 110.70 4.33 0.49 0.662 6.26 0.308 558.29 0.971 6.59 3.56 0.973 0.976 0.344
2014:08:18 14:16 487.66 114.92 79.64 113.60 4.22 0.49 0.663 6.52 0.308 558.29 0.971 6.69 3.59 0.973 0.975 0.336
2014:08:18 14:31 279.55 141.03 79.47 140.49 2.44 0.87 0.678 7.26 0.308 558.29 0.971 7.38 3.74 0.971 0.973 0.216
2014:08:18 14:46 123.03 154.00 80.29 159.06 1.06 1.03 0.686 6.14 0.308 558.29 0.971 7.42 3.75 0.970 0.973 0.109
2014:08:18 15:01 291.21 127.74 83.31 132.60 2.40 0.59 0.671 6.62 0.309 558.29 0.971 6.98 3.65 0.972 0.974 0.222
2014:08:18 15:16 254.68 142.77 80.41 151.50 2.23 0.88 0.679 5.18 0.308 558.29 0.971 6.96 3.65 0.972 0.974 0.210
2014:08:18 15:31 189.41 157.76 79.74 167.92 1.70 1.14 0.688 4.07 0.308 558.29 0.971 6.96 3.65 0.972 0.974 0.169
2014:08:18 15:46 146.03 160.56 77.78 175.56 1.37 1.26 0.690 5.70 0.307 558.29 0.971 7.48 3.76 0.970 0.973 0.135
2014:08:19 10:46 6.61 236.12 42.64 236.22 0.17 8.13 0.734 6.72 0.294 558.29 0.971 9.37 4.15 0.964 0.967 0.016
2014:08:19 11:01 6.30 238.03 41.59 238.16 0.18 8.91 0.735 8.72 0.293 558.29 0.971 9.80 4.24 0.963 0.966 0.016
2014:08:19 11:16 1.43 243.63 37.95 243.83 0.06 13.02 0.738 5.63 0.292 558.29 0.971 9.33 4.15 0.964 0.967 0.005
2014:08:19 11:31 7.72 220.91 53.07 220.13 0.13 4.61 0.725 5.13 0.298 558.29 0.971 8.64 4.01 0.966 0.969 0.013
2014:08:19 11:46 28.81 196.46 64.80 194.79 0.33 2.51 0.711 4.83 0.303 558.29 0.971 7.99 3.87 0.968 0.971 0.035
2014:08:19 12:01 12.57 215.24 55.55 214.83 0.19 4.20 0.721 7.13 0.299 558.29 0.971 8.99 4.08 0.965 0.968 0.019
2014:08:19 12:16 152.80 141.01 82.39 134.38 1.19 0.75 0.678 6.37 0.309 558.29 0.971 7.19 3.70 0.971 0.974 0.123
2014:08:19 12:31 581.22 101.31 76.43 91.36 5.23 0.35 0.655 7.11 0.307 558.29 0.971 6.52 3.55 0.973 0.976 0.387
2014:08:19 12:46 447.41 113.01 76.97 106.33 3.99 0.51 0.662 8.95 0.307 558.29 0.971 7.07 3.67 0.972 0.974 0.314
2014:08:19 13:01 358.69 118.96 79.77 114.39 3.04 0.53 0.666 8.57 0.308 558.29 0.971 7.16 3.69 0.971 0.974 0.259
2014:08:19 13:16 308.01 128.92 78.41 126.61 2.71 0.71 0.671 8.78 0.308 558.29 0.971 7.40 3.74 0.970 0.973 0.233
2014:08:19 13:31 272.15 136.21 81.89 137.17 2.24 0.73 0.676 9.47 0.309 558.29 0.971 7.67 3.80 0.970 0.972 0.197
2014:08:19 13:46 119.90 153.98 83.86 155.82 0.96 0.92 0.686 7.24 0.310 558.29 0.971 7.67 3.80 0.970 0.972 0.097
2014:08:19 14:01 34.13 205.20 65.95 206.74 0.42 2.89 0.716 6.39 0.303 558.29 0.971 8.66 4.01 0.966 0.969 0.041
2014:08:19 14:16 313.32 121.08 87.31 118.96 2.39 0.41 0.667 7.68 0.311 558.29 0.971 7.07 3.67 0.972 0.974 0.218
2014:08:19 14:31 299.03 125.15 82.64 127.49 2.51 0.57 0.669 8.40 0.309 558.29 0.971 7.28 3.72 0.971 0.973 0.223
2014:08:19 14:46 229.86 132.30 82.68 139.10 1.94 0.68 0.673 7.27 0.309 558.29 0.971 7.23 3.71 0.971 0.974 0.184
2014:08:19 15:01 195.66 141.01 79.04 149.53 1.80 0.92 0.678 9.84 0.308 558.29 0.971 7.84 3.84 0.969 0.972 0.163
2014:08:19 15:16 177.70 151.62 77.70 162.12 1.69 1.14 0.685 7.18 0.307 558.29 0.971 7.62 3.79 0.970 0.972 0.158
2014:08:19 15:31 140.54 162.15 74.77 175.05 1.44 1.45 0.691 7.74 0.306 558.29 0.971 7.95 3.86 0.969 0.971 0.134
2014:08:19 15:46 104.73 172.90 74.85 187.31 1.08 1.65 0.697 5.00 0.306 558.29 0.971 7.58 3.78 0.970 0.973 0.108
2014:08:20 10:46 136.79 165.68 72.84 157.71 1.30 1.47 0.693 9.70 0.306 558.29 0.971 8.31 3.94 0.967 0.970 0.119
2014:08:20 11:01 129.46 167.51 70.55 160.80 1.32 1.65 0.694 12.07 0.305 558.29 0.971 8.69 4.02 0.966 0.969 0.116
2014:08:20 11:16 170.71 155.21 76.11 147.62 1.56 1.19 0.687 8.90 0.307 558.29 0.971 7.98 3.87 0.968 0.971 0.143
2014:08:20 11:31 451.38 114.77 79.67 99.14 3.90 0.48 0.663 8.54 0.308 558.29 0.971 7.06 3.67 0.972 0.974 0.309
2014:08:20 11:46 387.30 121.54 78.89 107.85 3.43 0.60 0.667 9.35 0.308 558.29 0.971 7.33 3.73 0.971 0.973 0.277
2014:08:20 12:01 177.63 148.26 77.54 141.30 1.63 1.06 0.683 9.34 0.307 558.29 0.971 7.91 3.85 0.969 0.972 0.149
2014:08:20 12:16 432.66 113.44 79.92 101.60 3.82 0.47 0.662 9.57 0.308 558.29 0.971 7.20 3.70 0.971 0.974 0.302
2014:08:20 12:31 407.08 118.55 82.22 109.45 3.46 0.49 0.665 6.82 0.309 558.29 0.971 6.86 3.62 0.972 0.975 0.291
2014:08:20 12:46 510.80 107.06 80.86 97.87 4.52 0.37 0.659 8.09 0.309 558.29 0.971 6.84 3.62 0.972 0.975 0.346
2014:08:20 13:01 478.43 110.09 80.41 101.04 4.30 0.43 0.661 8.84 0.308 558.29 0.971 7.02 3.66 0.972 0.974 0.331
2014:08:20 13:16 329.83 124.33 82.10 120.45 2.88 0.59 0.669 7.99 0.309 558.29 0.971 7.20 3.70 0.971 0.974 0.248
2014:08:20 13:31 398.21 117.03 85.71 112.93 3.26 0.41 0.665 5.55 0.310 558.29 0.971 6.57 3.56 0.973 0.976 0.287
2014:08:20 13:46 315.59 129.05 83.99 125.94 2.68 0.62 0.672 6.96 0.310 558.29 0.971 7.12 3.68 0.971 0.974 0.237
2014:08:20 14:01 124.09 160.92 77.26 160.26 1.22 1.35 0.690 8.68 0.307 558.29 0.971 8.12 3.90 0.968 0.971 0.114
2014:08:20 14:16 351.42 126.24 87.08 124.41 2.85 0.51 0.670 6.08 0.311 558.29 0.971 6.89 3.63 0.972 0.975 0.253
2014:08:20 14:31 155.24 153.89 84.16 155.39 1.34 0.98 0.686 5.35 0.310 558.29 0.971 7.30 3.72 0.971 0.973 0.134
2014:08:20 14:46 177.51 145.48 85.96 150.06 1.49 0.81 0.681 5.84 0.310 558.29 0.971 7.24 3.71 0.971 0.974 0.148
2014:08:20 15:01 133.06 160.84 80.95 168.20 1.25 1.22 0.690 6.28 0.309 558.29 0.971 7.67 3.80 0.970 0.972 0.122
2014:08:20 15:16 110.07 173.49 76.42 182.22 1.16 1.67 0.697 6.56 0.307 558.29 0.971 8.02 3.88 0.968 0.971 0.110
2014:08:20 15:31 95.38 166.72 78.69 177.97 0.96 1.44 0.693 7.34 0.308 558.29 0.971 8.03 3.88 0.968 0.971 0.093
2014:08:20 15:46 85.88 171.05 77.41 182.90 0.90 1.59 0.696 9.67 0.307 558.29 0.971 8.53 3.98 0.967 0.970 0.084
2014:08:21 10:47 231.32 140.58 77.13 132.23 2.01 0.90 0.678 11.34 0.307 558.29 0.971 8.00 3.87 0.968 0.971 0.176
2014:08:21 11:02 296.79 135.21 80.51 121.86 2.45 0.73 0.675 6.67 0.308 558.29 0.971 7.15 3.69 0.971 0.974 0.221
2014:08:21 11:17 257.03 133.79 79.27 122.44 2.20 0.76 0.674 9.85 0.308 558.29 0.971 7.67 3.80 0.970 0.972 0.194
2014:08:21 11:32 198.22 140.85 76.20 131.34 1.83 0.97 0.678 15.80 0.307 558.29 0.971 8.52 3.98 0.967 0.970 0.155
2014:08:21 11:47 317.49 120.29 79.67 108.34 2.76 0.56 0.666 13.89 0.308 558.29 0.971 7.87 3.85 0.969 0.972 0.227
2014:08:21 12:02 395.57 112.81 81.73 101.77 3.34 0.42 0.662 9.73 0.309 558.29 0.971 7.22 3.70 0.971 0.974 0.275
2014:08:21 12:17 358.75 115.74 81.74 106.07 3.05 0.46 0.664 10.85 0.309 558.29 0.971 7.43 3.75 0.970 0.973 0.253
MATLAB Model Data - 07.25.14 to 09.13.14
Date & Time
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Table F.17. MATLAB Model Data from 07.25.14 to 09.13.14, Part 9 
 
Ptherm,sim TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:08:21 12:32 379.70 117.38 83.00 108.70 3.17 0.46 0.665 7.84 0.309 558.29 0.971 7.03 3.66 0.972 0.974 0.270
2014:08:21 12:47 365.55 112.77 82.93 106.54 3.08 0.40 0.662 11.19 0.309 558.29 0.971 7.42 3.75 0.970 0.973 0.256
2014:08:21 13:02 334.98 117.99 83.56 112.86 2.81 0.46 0.665 9.96 0.309 558.29 0.971 7.37 3.74 0.971 0.973 0.240
2014:08:21 13:17 321.87 124.72 84.25 120.21 2.67 0.54 0.669 7.99 0.310 558.29 0.971 7.22 3.71 0.971 0.974 0.235
2014:08:21 13:32 344.64 118.97 84.97 116.65 2.85 0.45 0.666 8.10 0.310 558.29 0.971 7.12 3.68 0.971 0.974 0.248
2014:08:21 13:47 248.07 132.97 83.79 131.76 2.11 0.68 0.674 8.75 0.310 558.29 0.971 7.52 3.77 0.970 0.973 0.190
2014:08:21 14:02 131.87 153.16 78.93 155.34 1.25 1.15 0.685 12.77 0.308 558.29 0.971 8.52 3.98 0.967 0.970 0.112
2014:08:21 14:17 199.35 132.73 88.42 135.13 1.57 0.56 0.674 7.43 0.311 558.29 0.971 7.32 3.73 0.971 0.973 0.153
2014:08:21 14:32 282.00 127.76 84.58 129.74 2.41 0.60 0.671 10.21 0.310 558.29 0.971 7.64 3.80 0.970 0.972 0.209
2014:08:21 14:47 198.17 134.65 84.81 140.02 1.70 0.69 0.675 11.52 0.310 558.29 0.971 7.97 3.87 0.969 0.971 0.154
2014:08:21 15:02 173.46 142.18 83.27 150.28 1.55 0.85 0.679 9.87 0.309 558.29 0.971 7.90 3.85 0.969 0.972 0.143
2014:08:21 15:17 43.73 196.06 67.09 201.42 0.59 2.88 0.710 5.89 0.304 558.29 0.971 8.38 3.95 0.967 0.970 0.058
2014:08:21 15:32 83.45 169.34 80.57 179.90 0.80 1.39 0.695 6.57 0.308 558.29 0.971 7.94 3.86 0.969 0.971 0.079
2014:08:21 15:47 30.69 196.96 68.35 205.21 0.41 2.78 0.711 7.23 0.304 558.29 0.971 8.70 4.02 0.966 0.969 0.040
2014:08:22 10:47 227.67 144.24 76.72 135.29 2.02 0.98 0.680 10.66 0.307 558.29 0.971 8.00 3.87 0.968 0.971 0.176
2014:08:22 11:02 286.23 135.44 78.14 121.08 2.50 0.81 0.675 9.92 0.308 558.29 0.971 7.71 3.81 0.969 0.972 0.213
2014:08:22 11:17 351.91 125.63 79.45 110.53 3.03 0.64 0.670 9.43 0.308 558.29 0.971 7.44 3.75 0.970 0.973 0.252
2014:08:22 11:32 415.37 120.72 79.93 104.77 3.60 0.56 0.667 8.35 0.308 558.29 0.971 7.17 3.70 0.971 0.974 0.290
2014:08:22 11:47 445.28 116.27 78.66 101.21 4.01 0.54 0.664 10.68 0.308 558.29 0.971 7.41 3.75 0.970 0.973 0.306
2014:08:22 12:02 515.04 113.12 80.51 99.42 4.52 0.45 0.662 6.28 0.308 558.29 0.971 6.64 3.58 0.973 0.975 0.352
2014:08:22 12:17 519.30 108.35 78.78 96.46 4.78 0.43 0.660 9.80 0.308 558.29 0.971 7.13 3.69 0.971 0.974 0.350
2014:08:22 12:32 559.25 104.97 81.10 95.13 4.96 0.33 0.658 7.07 0.309 558.29 0.971 6.64 3.57 0.973 0.975 0.372
2014:08:22 12:47 494.29 114.17 82.00 103.11 4.32 0.45 0.663 6.64 0.309 558.29 0.971 6.75 3.60 0.973 0.975 0.339
2014:08:22 13:02 464.96 117.55 82.32 107.78 4.08 0.49 0.665 7.47 0.309 558.29 0.971 6.99 3.65 0.972 0.974 0.320
2014:08:22 13:17 470.57 116.27 83.26 109.14 4.08 0.45 0.664 6.86 0.309 558.29 0.971 6.85 3.62 0.972 0.975 0.324
2014:08:22 13:32 453.27 117.83 83.43 111.22 3.95 0.48 0.665 7.60 0.309 558.29 0.971 7.02 3.66 0.972 0.974 0.313
2014:08:22 13:47 360.95 131.48 83.58 125.96 3.15 0.67 0.673 7.32 0.309 558.29 0.971 7.27 3.72 0.971 0.973 0.263
2014:08:22 14:02 402.66 125.43 84.22 120.90 3.50 0.58 0.669 7.25 0.310 558.29 0.971 7.13 3.69 0.971 0.974 0.286
2014:08:22 14:17 349.84 129.75 85.62 127.79 2.98 0.61 0.672 6.98 0.310 558.29 0.971 7.17 3.70 0.971 0.974 0.255
2014:08:22 14:32 314.23 138.54 85.28 138.44 2.72 0.75 0.677 6.02 0.310 558.29 0.971 7.16 3.69 0.971 0.974 0.239
2014:08:22 14:47 224.99 150.35 82.82 152.86 2.06 1.01 0.684 7.61 0.309 558.29 0.971 7.74 3.82 0.969 0.972 0.183
2014:08:22 15:02 168.11 158.99 80.82 164.82 1.63 1.24 0.689 9.24 0.309 558.29 0.971 8.21 3.92 0.968 0.971 0.145
2014:08:22 15:17 185.12 160.26 82.45 169.30 1.75 1.20 0.690 5.82 0.309 558.29 0.971 7.59 3.79 0.970 0.973 0.163
2014:08:22 15:32 154.64 165.88 81.72 176.00 1.50 1.33 0.693 5.98 0.309 558.29 0.971 7.75 3.82 0.969 0.972 0.141
2014:08:22 15:47 75.23 182.05 76.08 192.54 0.85 1.94 0.702 8.52 0.307 558.29 0.971 8.63 4.00 0.966 0.969 0.079
2014:08:23 10:47 242.06 143.98 80.17 134.04 2.06 0.89 0.680 7.57 0.308 558.29 0.971 7.53 3.77 0.970 0.973 0.187
2014:08:23 11:02 296.37 136.14 79.46 119.45 2.60 0.81 0.676 9.58 0.308 558.29 0.971 7.69 3.81 0.969 0.972 0.220
2014:08:23 11:17 364.70 127.46 81.15 110.89 3.13 0.64 0.671 7.25 0.309 558.29 0.971 7.12 3.68 0.971 0.974 0.265
2014:08:23 11:32 393.54 122.52 80.01 105.99 3.50 0.61 0.668 9.63 0.308 558.29 0.971 7.41 3.75 0.970 0.973 0.279
2014:08:23 11:47 467.97 117.37 82.31 102.49 4.02 0.48 0.665 5.79 0.309 558.29 0.971 6.63 3.57 0.973 0.975 0.327
2014:08:23 12:02 486.31 112.83 82.28 98.99 4.23 0.42 0.662 6.13 0.309 558.29 0.971 6.61 3.57 0.973 0.975 0.338
2014:08:23 12:17 489.62 110.88 80.00 98.18 4.50 0.45 0.661 10.00 0.308 558.29 0.971 7.22 3.71 0.971 0.974 0.335
2014:08:23 12:32 501.13 108.74 80.63 97.70 4.59 0.41 0.660 9.74 0.308 558.29 0.971 7.14 3.69 0.971 0.974 0.341
2014:08:23 12:47 546.77 109.34 81.19 99.18 5.00 0.41 0.660 7.08 0.309 558.29 0.971 6.73 3.60 0.973 0.975 0.370
2014:08:23 13:02 527.57 108.02 81.90 100.37 4.80 0.38 0.659 8.26 0.309 558.29 0.971 6.91 3.64 0.972 0.975 0.356
2014:08:23 13:17 523.49 109.79 81.95 103.51 4.80 0.41 0.660 7.94 0.309 558.29 0.971 6.90 3.63 0.972 0.975 0.357
2014:08:23 13:32 478.14 112.13 82.43 106.64 4.37 0.43 0.662 10.43 0.309 558.29 0.971 7.33 3.73 0.971 0.973 0.326
2014:08:23 13:47 511.39 115.96 83.79 110.65 4.57 0.46 0.664 6.79 0.310 558.29 0.971 6.85 3.62 0.972 0.975 0.348
2014:08:23 14:02 448.10 119.80 84.56 116.87 3.97 0.50 0.666 7.24 0.310 558.29 0.971 7.01 3.66 0.972 0.974 0.314
2014:08:23 14:17 406.12 126.94 83.55 124.56 3.70 0.64 0.670 7.83 0.309 558.29 0.971 7.27 3.72 0.971 0.973 0.294
2014:08:23 14:32 130.50 172.02 76.01 173.76 1.43 1.71 0.696 8.17 0.307 558.29 0.971 8.31 3.94 0.967 0.970 0.128
2014:08:23 14:47 26.38 210.86 65.29 214.67 0.40 3.65 0.719 7.15 0.303 558.29 0.971 9.05 4.09 0.965 0.968 0.038
2014:08:23 15:02 29.39 199.00 68.89 203.90 0.40 2.87 0.712 9.44 0.304 558.29 0.971 9.16 4.11 0.965 0.968 0.037
2014:08:23 15:17 39.77 190.83 74.65 198.03 0.46 2.19 0.707 6.49 0.306 558.29 0.971 8.43 3.96 0.967 0.970 0.046
2014:08:23 15:32 45.15 197.09 73.20 205.06 0.55 2.50 0.711 5.31 0.306 558.29 0.971 8.32 3.94 0.967 0.970 0.055
2014:08:23 15:47 59.83 188.69 76.09 199.41 0.68 2.10 0.706 6.08 0.307 558.29 0.971 8.31 3.94 0.967 0.970 0.066
2014:08:24 10:48 280.39 143.75 82.93 130.39 2.32 0.82 0.680 5.63 0.309 558.29 0.971 7.12 3.68 0.971 0.974 0.213
2014:08:24 11:03 370.61 133.22 81.41 114.00 3.21 0.73 0.674 5.95 0.309 558.29 0.971 6.98 3.65 0.972 0.974 0.273
2014:08:24 11:18 421.47 126.98 81.95 108.65 3.66 0.63 0.670 5.81 0.309 558.29 0.971 6.82 3.62 0.972 0.975 0.303
2014:08:24 11:33 464.16 120.68 81.30 103.99 4.14 0.56 0.667 6.44 0.309 558.29 0.971 6.84 3.62 0.972 0.975 0.328
2014:08:24 11:48 550.93 116.66 82.97 100.89 4.81 0.47 0.664 3.84 0.309 558.29 0.971 6.09 3.45 0.975 0.977 0.382
2014:08:24 12:03 559.08 111.17 81.43 98.08 5.10 0.43 0.661 5.78 0.309 558.29 0.971 6.51 3.55 0.973 0.976 0.382
2014:08:24 12:18 591.56 109.45 81.40 97.69 5.46 0.41 0.660 5.38 0.309 558.29 0.971 6.39 3.52 0.974 0.976 0.400
2014:08:24 12:33 569.40 108.77 81.00 98.07 5.35 0.41 0.660 7.43 0.309 558.29 0.971 6.79 3.61 0.972 0.975 0.383
2014:08:24 12:48 603.64 110.47 80.86 99.56 5.74 0.45 0.661 6.32 0.309 558.29 0.971 6.62 3.57 0.973 0.975 0.404
2014:08:24 13:03 593.37 112.48 80.21 103.54 5.77 0.50 0.662 7.07 0.308 558.29 0.971 6.81 3.61 0.972 0.975 0.400
2014:08:24 13:18 570.05 114.48 83.07 106.68 5.25 0.46 0.663 5.82 0.309 558.29 0.971 6.61 3.57 0.973 0.975 0.385
2014:08:24 13:33 534.03 116.11 82.73 108.96 5.00 0.50 0.664 7.28 0.309 558.29 0.971 6.94 3.64 0.972 0.974 0.364
2014:08:24 13:48 499.83 120.14 82.90 114.13 4.70 0.56 0.666 7.38 0.309 558.29 0.971 7.05 3.67 0.972 0.974 0.348
2014:08:24 14:03 426.52 123.01 84.44 118.52 3.92 0.57 0.668 7.89 0.310 558.29 0.971 7.20 3.70 0.971 0.974 0.307
MATLAB Model Data - 07.25.14 to 09.13.14
Date & Time
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Table F.18. MATLAB Model Data from 07.25.14 to 09.13.14, Part 10 
 
Ptherm,sim TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:08:24 14:18 333.86 124.91 87.43 124.19 2.90 0.53 0.669 7.70 0.311 558.29 0.971 7.22 3.71 0.971 0.974 0.249
2014:08:24 14:33 291.12 130.51 88.14 132.66 2.51 0.59 0.672 6.76 0.311 558.29 0.971 7.16 3.69 0.971 0.974 0.225
2014:08:24 14:48 249.22 140.06 86.51 144.01 2.23 0.78 0.678 6.89 0.310 558.29 0.971 7.39 3.74 0.970 0.973 0.201
2014:08:24 15:03 216.20 147.68 84.74 154.74 2.03 0.96 0.682 7.02 0.310 558.29 0.971 7.59 3.79 0.970 0.972 0.183
2014:08:24 15:18 162.46 156.00 83.03 166.02 1.59 1.15 0.687 7.69 0.309 558.29 0.971 7.90 3.85 0.969 0.972 0.147
2014:08:24 15:33 107.97 164.71 81.62 177.39 1.10 1.37 0.692 8.31 0.309 558.29 0.971 8.21 3.92 0.968 0.971 0.104
2014:08:24 15:48 94.11 175.18 79.52 188.63 1.02 1.66 0.698 6.26 0.308 558.29 0.971 8.04 3.88 0.968 0.971 0.098
2014:08:25 10:47 267.31 142.28 81.58 127.93 2.27 0.84 0.679 7.31 0.309 558.29 0.971 7.45 3.76 0.970 0.973 0.203
2014:08:25 11:02 353.49 131.00 79.71 111.65 3.17 0.74 0.673 8.92 0.308 558.29 0.971 7.49 3.76 0.970 0.973 0.259
2014:08:25 11:17 421.72 124.73 81.04 107.15 3.73 0.62 0.669 7.12 0.309 558.29 0.971 7.05 3.67 0.972 0.974 0.300
2014:08:25 11:32 490.78 118.27 82.29 102.49 4.29 0.50 0.665 5.40 0.309 558.29 0.971 6.56 3.56 0.973 0.976 0.343
2014:08:25 11:47 538.05 115.22 82.00 100.28 4.79 0.47 0.663 4.88 0.309 558.29 0.971 6.37 3.51 0.974 0.976 0.372
2014:08:25 12:02 533.82 112.70 80.62 99.13 4.94 0.47 0.662 7.39 0.308 558.29 0.971 6.87 3.63 0.972 0.975 0.364
2014:08:25 12:17 569.55 110.12 79.56 98.76 5.45 0.46 0.661 7.63 0.308 558.29 0.971 6.85 3.62 0.972 0.975 0.386
2014:08:25 12:32 588.21 108.03 82.20 98.62 5.38 0.37 0.659 5.76 0.309 558.29 0.971 6.45 3.53 0.974 0.976 0.395
2014:08:25 12:47 545.01 108.06 80.31 99.73 5.24 0.43 0.659 9.48 0.308 558.29 0.971 7.10 3.68 0.971 0.974 0.370
2014:08:25 13:02 521.26 109.83 82.04 102.50 4.86 0.41 0.660 9.50 0.309 558.29 0.971 7.15 3.69 0.971 0.974 0.353
2014:08:25 13:17 554.85 111.51 83.81 105.56 5.02 0.40 0.661 5.90 0.310 558.29 0.971 6.56 3.56 0.973 0.976 0.377
2014:08:25 13:32 530.27 115.86 82.87 110.60 4.93 0.49 0.664 6.93 0.309 558.29 0.971 6.87 3.63 0.972 0.975 0.363
2014:08:25 13:47 480.92 117.96 85.90 114.33 4.23 0.45 0.665 5.71 0.310 558.29 0.971 6.66 3.58 0.973 0.975 0.337
2014:08:25 14:02 377.63 119.74 87.48 119.22 3.24 0.45 0.666 6.87 0.311 558.29 0.971 6.95 3.64 0.972 0.974 0.276
2014:08:25 14:17 369.61 128.00 86.78 127.03 3.23 0.58 0.671 5.87 0.311 558.29 0.971 6.91 3.64 0.972 0.975 0.276
2014:08:25 14:32 283.27 132.21 88.63 134.49 2.40 0.60 0.673 6.19 0.311 558.29 0.971 7.08 3.67 0.972 0.974 0.219
2014:08:25 14:47 244.37 138.63 88.43 143.36 2.09 0.70 0.677 6.02 0.311 558.29 0.971 7.18 3.70 0.971 0.974 0.195
2014:08:25 15:02 217.66 147.20 85.55 154.26 1.99 0.91 0.682 6.47 0.310 558.29 0.971 7.46 3.76 0.970 0.973 0.183
2014:08:25 15:17 160.27 155.83 85.35 165.98 1.48 1.06 0.687 5.93 0.310 558.29 0.971 7.53 3.77 0.970 0.973 0.143
2014:08:25 15:32 133.10 166.63 82.61 178.71 1.32 1.34 0.693 4.90 0.309 558.29 0.971 7.50 3.77 0.970 0.973 0.130
2014:08:25 15:47 72.19 176.97 78.67 190.74 0.79 1.74 0.699 8.16 0.308 558.29 0.971 8.46 3.97 0.967 0.970 0.075
2014:08:26 10:47 229.96 148.56 80.29 135.91 1.97 0.96 0.683 7.07 0.308 558.29 0.971 7.53 3.77 0.970 0.973 0.180
2014:08:26 11:02 302.73 138.98 80.26 122.05 2.63 0.83 0.677 7.54 0.308 558.29 0.971 7.42 3.75 0.970 0.973 0.228
2014:08:26 11:17 280.35 143.54 80.98 129.33 2.43 0.88 0.680 6.86 0.309 558.29 0.971 7.39 3.74 0.970 0.973 0.215
2014:08:26 11:32 416.57 127.34 83.26 109.54 3.50 0.60 0.671 5.39 0.309 558.29 0.971 6.74 3.60 0.973 0.975 0.296
2014:08:26 11:47 460.60 122.99 81.94 105.67 4.02 0.57 0.668 6.09 0.309 558.29 0.971 6.81 3.61 0.972 0.975 0.322
2014:08:26 12:02 493.84 118.16 81.19 103.81 4.43 0.53 0.665 6.61 0.309 558.29 0.971 6.82 3.62 0.972 0.975 0.342
2014:08:26 12:17 557.18 110.85 81.65 99.07 5.01 0.42 0.661 5.86 0.309 558.29 0.971 6.52 3.55 0.973 0.976 0.378
2014:08:26 12:32 95.26 182.74 72.92 179.51 1.05 2.03 0.703 4.34 0.306 558.29 0.971 7.65 3.80 0.970 0.972 0.105
2014:08:26 12:47 206.83 148.68 88.17 142.13 1.64 0.78 0.683 4.52 0.311 558.29 0.971 6.97 3.65 0.972 0.974 0.164
2014:08:26 13:02 259.86 145.46 86.01 141.20 2.17 0.81 0.681 6.07 0.310 558.29 0.971 7.31 3.73 0.971 0.973 0.199
2014:08:26 13:17 447.52 118.54 86.87 113.14 3.73 0.43 0.665 7.74 0.311 558.29 0.971 7.06 3.67 0.972 0.974 0.300
2014:08:26 13:32 29.95 212.69 61.49 211.99 0.50 4.06 0.720 5.41 0.302 558.29 0.971 8.65 4.01 0.966 0.969 0.048
2014:08:26 13:47 -13.17 225.52 55.87 226.19 -0.29 6.14 0.727 8.81 0.299 558.29 0.971 9.71 4.22 0.963 0.966 -0.028
2014:08:26 14:02 49.50 148.79 92.47 145.27 0.37 0.69 0.683 5.67 0.312 558.29 0.971 7.29 3.72 0.971 0.973 0.042
2014:08:26 14:17 146.08 160.80 78.70 158.70 1.47 1.33 0.690 5.76 0.308 558.29 0.971 7.54 3.78 0.970 0.973 0.142
2014:08:26 14:32 2.88 238.91 42.30 239.64 0.22 15.43 0.735 10.26 0.294 558.29 0.971 10.20 4.31 0.961 0.965 0.019
2014:08:26 14:47 0.00 233.09 37.23 234.22 0.02 13.56 0.732 8.31 0.291 558.29 0.971 9.59 4.20 0.963 0.967 0.002
2014:08:26 15:02 12.83 246.38 28.36 246.37 -0.64 45.11 0.740 7.12 0.287 558.29 0.971 9.69 4.22 0.963 0.966 -0.063
2014:08:26 15:17 23.65 245.97 29.45 245.96 -1.33 32.58 0.739 12.61 0.288 558.29 0.971 10.55 4.38 0.960 0.964 -0.131
2014:08:26 15:32 21.81 246.13 27.26 246.12 -1.09 36.65 0.739 18.04 0.287 558.29 0.971 11.13 4.49 0.958 0.962 -0.099
2014:08:26 15:47 18.98 245.88 27.03 245.94 -1.01 28.64 0.739 9.54 0.287 558.29 0.971 10.04 4.28 0.962 0.965 -0.101
2014:08:27 10:47 332.45 143.88 76.05 128.99 2.88 0.98 0.680 8.54 0.307 558.29 0.971 7.68 3.81 0.969 0.972 0.238
2014:08:27 11:02 387.03 133.27 75.26 116.30 3.45 0.84 0.674 9.34 0.307 558.29 0.971 7.57 3.78 0.970 0.973 0.273
2014:08:27 11:17 432.36 126.27 75.29 109.56 3.92 0.75 0.670 10.37 0.307 558.29 0.971 7.57 3.78 0.970 0.973 0.297
2014:08:27 11:32 521.57 120.26 78.26 104.38 4.52 0.58 0.666 5.47 0.308 558.29 0.971 6.59 3.56 0.973 0.976 0.353
2014:08:27 11:47 293.46 143.32 78.94 133.94 2.53 0.91 0.680 5.75 0.308 558.29 0.971 7.14 3.69 0.971 0.974 0.227
2014:08:27 12:02 332.03 129.24 79.50 117.63 2.85 0.69 0.672 8.80 0.308 558.29 0.971 7.43 3.75 0.970 0.973 0.242
2014:08:27 12:17 410.68 121.17 81.23 106.02 3.45 0.53 0.667 7.42 0.309 558.29 0.971 7.03 3.66 0.972 0.974 0.286
2014:08:27 12:32 427.46 117.24 80.65 104.89 3.67 0.50 0.665 9.25 0.308 558.29 0.971 7.25 3.71 0.971 0.974 0.293
2014:08:27 12:47 567.29 111.07 80.96 100.37 4.90 0.41 0.661 5.79 0.309 558.29 0.971 6.50 3.54 0.973 0.976 0.373
2014:08:27 13:02 466.99 116.49 81.63 107.36 4.01 0.47 0.664 7.62 0.309 558.29 0.971 6.98 3.65 0.972 0.974 0.317
2014:08:27 13:17 565.92 111.23 80.67 103.35 5.00 0.42 0.661 7.15 0.308 558.29 0.971 6.79 3.61 0.972 0.975 0.369
2014:08:27 13:32 572.36 114.83 81.80 106.80 4.98 0.45 0.663 5.65 0.309 558.29 0.971 6.56 3.56 0.973 0.976 0.375
2014:08:27 13:47 529.43 115.08 82.33 109.93 4.60 0.45 0.663 6.42 0.309 558.29 0.971 6.74 3.60 0.973 0.975 0.352
2014:08:27 14:02 482.46 121.76 81.95 114.80 4.25 0.56 0.667 8.04 0.309 558.29 0.971 7.18 3.70 0.971 0.974 0.324
2014:08:27 14:17 355.05 128.94 79.10 125.93 3.35 0.75 0.671 9.26 0.308 558.29 0.971 7.46 3.76 0.970 0.973 0.270
2014:08:27 14:32 103.80 147.39 81.68 148.03 0.94 0.93 0.682 9.68 0.309 558.29 0.971 7.91 3.86 0.969 0.972 0.092
2014:08:27 14:47 -18.92 223.87 50.41 225.26 -0.53 5.58 0.726 6.37 0.297 558.29 0.971 9.03 4.09 0.965 0.968 -0.056
2014:08:27 15:02 -0.94 244.80 35.82 244.69 -0.69 16.60 0.739 6.71 0.291 558.29 0.971 9.61 4.20 0.963 0.966 -0.069
2014:08:27 15:17 1.54 245.39 33.73 245.29 -0.61 21.60 0.739 11.02 0.290 558.29 0.971 10.35 4.34 0.961 0.964 -0.057
2014:08:27 15:32 3.44 245.84 32.41 245.86 -0.67 27.55 0.739 6.90 0.289 558.29 0.971 9.68 4.21 0.963 0.966 -0.067
2014:08:27 15:47 1.53 245.89 32.76 245.89 -0.51 26.70 0.739 6.40 0.289 558.29 0.971 9.57 4.19 0.963 0.967 -0.050
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Table F.19. MATLAB Model Data from 07.25.14 to 09.13.14, Part 11 
 
Ptherm,sim TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:08:28 10:48 269.81 144.02 77.10 133.65 2.29 0.93 0.680 6.77 0.307 558.29 0.971 7.34 3.73 0.971 0.973 0.206
2014:08:28 11:03 281.59 136.78 78.90 124.66 2.33 0.78 0.676 6.94 0.308 558.29 0.971 7.23 3.71 0.971 0.974 0.212
2014:08:28 11:18 357.67 123.93 78.61 109.32 3.03 0.62 0.669 9.11 0.308 558.29 0.971 7.34 3.73 0.971 0.973 0.254
2014:08:28 11:33 352.98 118.16 78.86 106.20 3.01 0.53 0.665 11.35 0.308 558.29 0.971 7.52 3.77 0.970 0.973 0.249
2014:08:28 11:48 345.27 124.53 79.24 111.90 2.95 0.62 0.669 9.23 0.308 558.29 0.971 7.38 3.74 0.971 0.973 0.249
2014:08:28 12:03 405.02 115.57 79.69 102.67 3.48 0.49 0.664 8.93 0.308 558.29 0.971 7.14 3.69 0.971 0.974 0.284
2014:08:28 12:18 432.53 110.80 79.98 99.21 3.73 0.42 0.661 9.43 0.308 558.29 0.971 7.12 3.68 0.971 0.974 0.299
2014:08:28 12:33 406.95 115.20 80.27 103.90 3.51 0.48 0.663 10.58 0.308 558.29 0.971 7.37 3.74 0.971 0.973 0.281
2014:08:28 12:48 455.99 110.86 79.71 102.97 4.02 0.44 0.661 10.51 0.308 558.29 0.971 7.27 3.72 0.971 0.973 0.310
2014:08:28 13:03 585.14 104.18 77.60 96.31 5.47 0.39 0.657 11.46 0.307 558.29 0.971 7.23 3.71 0.971 0.974 0.376
2014:08:28 13:18 332.41 125.47 81.57 123.56 2.86 0.61 0.669 9.05 0.309 558.29 0.971 7.39 3.74 0.970 0.973 0.243
2014:08:28 13:33 195.66 142.88 82.68 141.61 1.65 0.83 0.680 7.60 0.309 558.29 0.971 7.52 3.77 0.970 0.973 0.157
2014:08:28 13:48 87.29 161.71 78.99 160.33 0.80 1.25 0.690 8.08 0.308 558.29 0.971 8.02 3.88 0.968 0.971 0.079
2014:08:28 14:03 218.19 141.57 83.53 138.68 1.84 0.79 0.679 7.36 0.309 558.29 0.971 7.46 3.76 0.970 0.973 0.172
2014:08:28 14:18 55.34 172.70 75.78 173.76 0.55 1.60 0.697 6.16 0.307 558.29 0.971 7.88 3.85 0.969 0.972 0.057
2014:08:28 14:33 68.61 152.19 85.05 154.25 0.57 0.90 0.685 7.89 0.310 558.29 0.971 7.79 3.83 0.969 0.972 0.059
2014:08:28 14:48 80.62 167.08 76.29 170.72 0.81 1.50 0.694 8.79 0.307 558.29 0.971 8.27 3.93 0.968 0.970 0.078
2014:08:28 15:03 10.26 204.69 62.93 208.27 0.15 3.51 0.715 7.62 0.302 558.29 0.971 8.94 4.07 0.965 0.968 0.015
2014:08:28 15:18 37.46 187.49 69.07 194.89 0.46 2.40 0.705 7.82 0.304 558.29 0.971 8.57 3.99 0.967 0.970 0.045
2014:08:28 15:33 37.14 175.58 77.19 186.24 0.37 1.62 0.698 6.79 0.307 558.29 0.971 8.11 3.90 0.968 0.971 0.038
2014:08:28 15:48 38.71 173.00 78.02 185.97 0.38 1.54 0.697 8.70 0.308 558.29 0.971 8.41 3.96 0.967 0.970 0.038
2014:08:29 10:48 298.35 135.51 79.94 122.88 2.42 0.73 0.675 6.46 0.308 558.29 0.971 7.10 3.68 0.971 0.974 0.221
2014:08:29 11:03 348.71 125.54 79.80 111.67 2.88 0.61 0.669 8.31 0.308 558.29 0.971 7.25 3.71 0.971 0.974 0.247
2014:08:29 11:18 316.02 127.80 78.47 114.90 2.72 0.68 0.671 10.00 0.308 558.29 0.971 7.55 3.78 0.970 0.973 0.230
2014:08:29 11:33 397.00 113.51 80.40 101.61 3.33 0.44 0.663 9.20 0.308 558.29 0.971 7.14 3.69 0.971 0.974 0.276
2014:08:29 11:48 433.87 107.80 80.44 97.04 3.68 0.37 0.659 8.93 0.308 558.29 0.971 6.98 3.65 0.972 0.974 0.300
2014:08:29 12:03 509.74 105.70 80.34 95.23 4.37 0.34 0.658 6.82 0.308 558.29 0.971 6.58 3.56 0.973 0.976 0.346
2014:08:29 12:18 497.06 107.87 78.50 97.63 4.46 0.42 0.659 9.95 0.308 558.29 0.971 7.12 3.68 0.971 0.974 0.335
2014:08:29 12:33 189.29 133.95 79.77 130.68 1.66 0.77 0.674 10.99 0.308 558.29 0.971 7.83 3.84 0.969 0.972 0.152
2014:08:29 12:48 73.67 165.97 73.32 163.57 0.75 1.55 0.693 8.70 0.306 558.29 0.971 8.19 3.91 0.968 0.971 0.073
2014:08:29 13:03 219.04 127.89 87.14 123.61 1.68 0.51 0.671 7.42 0.311 558.29 0.971 7.18 3.70 0.971 0.974 0.164
2014:08:29 13:18 82.09 147.77 81.21 146.63 0.71 0.94 0.682 10.31 0.309 558.29 0.971 8.07 3.89 0.968 0.971 0.071
2014:08:29 13:33 75.77 144.62 86.56 147.23 0.59 0.74 0.681 6.59 0.310 558.29 0.971 7.37 3.74 0.971 0.973 0.064
2014:08:29 13:48 148.35 135.00 85.42 135.04 1.19 0.65 0.675 10.39 0.310 558.29 0.971 7.80 3.83 0.969 0.972 0.116
2014:08:29 14:03 -2.88 206.95 61.51 208.18 -0.04 3.58 0.717 9.14 0.302 558.29 0.971 9.23 4.13 0.964 0.968 -0.004
2014:08:29 14:18 23.11 166.28 77.78 169.00 0.22 1.36 0.693 8.53 0.307 558.29 0.971 8.18 3.91 0.968 0.971 0.023
2014:08:29 14:33 22.09 184.12 71.65 186.57 0.24 2.04 0.703 9.27 0.305 558.29 0.971 8.72 4.02 0.966 0.969 0.024
2014:08:29 14:48 -5.46 229.19 54.30 230.32 -0.11 6.03 0.730 13.74 0.299 558.29 0.971 10.46 4.36 0.960 0.964 -0.010
2014:08:29 15:03 69.70 157.25 84.26 164.63 0.58 1.00 0.688 7.03 0.310 558.29 0.971 7.74 3.82 0.969 0.972 0.061
2014:08:29 15:18 93.59 154.89 79.51 166.23 0.87 1.13 0.686 12.46 0.308 558.29 0.971 8.49 3.98 0.967 0.970 0.082
2014:08:29 15:33 0.73 227.90 46.97 229.89 0.02 7.82 0.729 13.16 0.296 558.29 0.971 10.26 4.33 0.961 0.965 0.002
2014:08:29 15:48 2.55 245.96 31.31 245.88 -0.33 36.38 0.739 10.54 0.289 558.29 0.971 10.29 4.33 0.961 0.964 -0.030
2014:08:30 10:48 -0.24 245.99 25.89 245.91 -0.12 44.71 0.739 6.97 0.286 558.29 0.971 9.58 4.20 0.963 0.967 -0.011
2014:08:30 11:03 -0.78 245.94 26.45 245.79 -0.26 42.40 0.739 6.23 0.286 558.29 0.971 9.44 4.17 0.964 0.967 -0.026
2014:08:30 11:18 -3.20 244.99 30.06 244.95 -0.29 24.00 0.739 6.53 0.288 558.29 0.971 9.50 4.18 0.964 0.967 -0.028
2014:08:30 11:33 -8.71 220.70 48.33 218.74 -0.16 5.19 0.725 7.66 0.296 558.29 0.971 9.15 4.11 0.965 0.968 -0.016
2014:08:30 11:48 -2.20 225.40 43.98 225.53 -0.05 7.03 0.727 8.56 0.294 558.29 0.971 9.44 4.17 0.964 0.967 -0.005
2014:08:30 12:03 11.27 174.65 70.93 171.54 0.10 1.60 0.698 5.84 0.305 558.29 0.971 7.73 3.82 0.969 0.972 0.012
2014:08:30 12:18 81.43 169.78 69.78 165.81 0.78 1.61 0.695 7.96 0.305 558.29 0.971 8.07 3.89 0.968 0.971 0.077
2014:08:30 12:33 49.58 166.08 72.61 162.34 0.45 1.41 0.693 8.12 0.306 558.29 0.971 8.03 3.88 0.968 0.971 0.046
2014:08:30 12:48 135.32 148.51 74.18 145.12 1.20 1.08 0.683 12.27 0.306 558.29 0.971 8.24 3.93 0.968 0.971 0.112
2014:08:30 13:03 20.22 213.14 54.78 214.38 0.31 4.08 0.720 6.76 0.299 558.29 0.971 8.84 4.05 0.966 0.969 0.030
2014:08:30 13:18 6.61 236.43 44.92 235.39 0.16 8.12 0.734 6.67 0.295 558.29 0.971 9.42 4.16 0.964 0.967 0.015
2014:08:30 13:33 337.53 110.30 81.27 108.55 2.66 0.37 0.661 10.86 0.309 558.29 0.971 7.27 3.72 0.971 0.973 0.233
2014:08:30 13:48 47.05 200.62 55.67 200.14 0.71 3.63 0.713 9.97 0.299 558.29 0.971 9.10 4.10 0.965 0.968 0.064
2014:08:30 14:03 7.61 222.02 49.73 222.50 0.15 5.78 0.725 6.86 0.297 558.29 0.971 9.10 4.10 0.965 0.968 0.014
2014:08:30 14:18 61.58 171.77 70.99 170.58 0.61 1.67 0.696 7.53 0.305 558.29 0.971 8.08 3.89 0.968 0.971 0.061
2014:08:30 14:33 352.23 123.62 79.08 122.01 2.96 0.60 0.668 9.10 0.308 558.29 0.971 7.31 3.73 0.971 0.973 0.251
2014:08:30 14:48 200.63 160.47 72.26 160.79 1.96 1.42 0.690 8.23 0.306 558.29 0.971 7.95 3.86 0.969 0.971 0.173
2014:08:30 15:03 21.70 223.43 49.45 225.42 0.45 6.05 0.726 9.63 0.297 558.29 0.971 9.63 4.21 0.963 0.966 0.040
2014:08:30 15:18 27.59 214.26 54.67 218.45 0.47 4.43 0.721 8.51 0.299 558.29 0.971 9.23 4.13 0.964 0.968 0.043
2014:08:30 15:33 3.22 238.62 42.94 239.72 0.10 9.31 0.735 6.63 0.294 558.29 0.971 9.46 4.17 0.964 0.967 0.010
2014:08:30 15:48 1.24 238.49 39.59 239.24 0.06 9.99 0.735 9.37 0.293 558.29 0.971 9.90 4.26 0.962 0.966 0.005
2014:08:31 10:48 390.62 127.14 73.66 109.35 3.37 0.74 0.670 8.18 0.306 558.29 0.971 7.21 3.70 0.971 0.974 0.277
2014:08:31 11:03 464.49 117.70 74.09 100.38 4.03 0.60 0.665 7.80 0.306 558.29 0.971 6.96 3.65 0.972 0.974 0.319
2014:08:31 11:18 518.97 111.52 73.19 95.51 4.67 0.54 0.661 8.17 0.306 558.29 0.971 6.89 3.63 0.972 0.975 0.351
2014:08:31 11:33 564.56 108.52 73.42 93.29 5.13 0.50 0.660 7.70 0.306 558.29 0.971 6.76 3.60 0.973 0.975 0.375
2014:08:31 11:48 622.83 105.23 74.45 92.03 5.62 0.43 0.658 5.89 0.306 558.29 0.971 6.35 3.51 0.974 0.976 0.408
2014:08:31 12:03 615.69 106.31 75.60 93.19 5.49 0.43 0.658 6.64 0.307 558.29 0.971 6.54 3.55 0.973 0.976 0.397
2014:08:31 12:18 671.39 101.03 73.23 90.14 6.39 0.41 0.655 7.13 0.306 558.29 0.971 6.52 3.55 0.973 0.976 0.431
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Table F.20. MATLAB Model Data from 07.25.14 to 09.13.14, Part 12 
 
Ptherm,sim TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:08:31 12:33 671.40 103.27 75.33 93.89 6.16 0.40 0.657 5.71 0.307 558.29 0.971 6.28 3.49 0.974 0.976 0.431
2014:08:31 12:48 675.54 101.74 73.65 94.12 6.51 0.43 0.656 8.91 0.306 558.29 0.971 6.82 3.62 0.972 0.975 0.426
2014:08:31 13:03 318.76 138.83 78.35 134.86 2.76 0.85 0.677 6.78 0.308 558.29 0.971 7.24 3.71 0.971 0.974 0.240
2014:08:31 13:18 36.59 200.03 57.85 201.14 0.55 3.72 0.713 8.95 0.300 558.29 0.971 8.99 4.08 0.965 0.968 0.051
2014:08:31 13:33 390.82 120.60 86.77 116.93 2.94 0.40 0.667 3.89 0.311 558.29 0.971 6.16 3.46 0.975 0.977 0.278
2014:08:31 13:48 513.57 107.98 81.24 104.34 4.33 0.35 0.659 7.13 0.309 558.29 0.971 6.69 3.59 0.973 0.975 0.341
2014:08:31 14:03 245.04 142.49 80.57 139.93 2.09 0.86 0.679 4.65 0.308 558.29 0.971 6.83 3.62 0.972 0.975 0.202
2014:08:31 14:18 419.00 117.66 83.15 117.07 3.44 0.45 0.665 6.15 0.309 558.29 0.971 6.71 3.59 0.973 0.975 0.293
2014:08:31 14:33 388.25 123.66 82.27 125.47 3.26 0.56 0.668 5.67 0.309 558.29 0.971 6.72 3.59 0.973 0.975 0.283
2014:08:31 14:48 314.91 130.77 82.62 136.64 2.65 0.65 0.673 5.60 0.309 558.29 0.971 6.85 3.62 0.972 0.975 0.241
2014:08:31 15:03 238.38 138.57 79.95 147.73 2.13 0.85 0.677 8.59 0.308 558.29 0.971 7.60 3.79 0.970 0.972 0.191
2014:08:31 15:18 189.77 148.87 79.26 160.76 1.73 1.04 0.683 7.65 0.308 558.29 0.971 7.67 3.80 0.970 0.972 0.160
2014:08:31 15:33 142.13 160.71 74.99 173.83 1.44 1.42 0.690 10.04 0.306 558.29 0.971 8.31 3.94 0.967 0.970 0.129
2014:08:31 15:48 106.39 172.89 72.95 186.87 1.13 1.76 0.697 8.92 0.306 558.29 0.971 8.41 3.96 0.967 0.970 0.104
2014:09:01 10:48 -2.83 245.01 26.68 244.93 -0.29 24.45 0.739 10.13 0.287 558.29 0.971 10.06 4.29 0.962 0.965 -0.027
2014:09:01 11:03 -3.37 241.14 34.08 241.07 -0.13 11.27 0.736 9.27 0.290 558.29 0.971 9.86 4.25 0.962 0.966 -0.012
2014:09:01 11:18 -2.88 243.10 30.85 243.01 -0.16 15.17 0.738 16.67 0.289 558.29 0.971 10.85 4.44 0.959 0.963 -0.014
2014:09:01 11:33 -3.13 244.46 29.64 244.39 -0.22 18.30 0.738 10.26 0.288 558.29 0.971 10.09 4.29 0.962 0.965 -0.020
2014:09:01 11:48 -4.80 244.35 29.95 244.34 -0.32 18.41 0.738 11.54 0.288 558.29 0.971 10.28 4.33 0.961 0.964 -0.029
2014:09:01 12:03 -4.18 244.31 30.67 244.20 -0.25 17.45 0.738 11.77 0.288 558.29 0.971 10.32 4.34 0.961 0.964 -0.022
2014:09:01 12:18 -2.42 245.30 28.26 245.27 -0.23 25.31 0.739 6.15 0.287 558.29 0.971 9.39 4.16 0.964 0.967 -0.022
2014:09:01 12:33 -4.88 241.08 36.36 241.15 -0.16 11.00 0.736 8.59 0.291 558.29 0.971 9.79 4.24 0.963 0.966 -0.015
2014:09:01 12:48 -4.02 240.80 37.67 240.99 -0.12 10.32 0.736 7.60 0.292 558.29 0.971 9.62 4.20 0.963 0.966 -0.011
2014:09:01 13:03 3.99 223.43 48.11 223.27 0.07 5.21 0.726 10.64 0.296 558.29 0.971 9.70 4.22 0.963 0.966 0.006
2014:09:01 13:18 2.98 235.21 43.87 235.26 0.06 7.16 0.733 10.58 0.294 558.29 0.971 10.00 4.28 0.962 0.965 0.006
2014:09:01 13:33 12.42 213.87 53.99 214.18 0.18 3.95 0.721 11.44 0.299 558.29 0.971 9.61 4.20 0.963 0.966 0.016
2014:09:01 13:48 13.08 216.21 53.35 216.92 0.19 4.22 0.722 8.06 0.298 558.29 0.971 9.15 4.11 0.965 0.968 0.018
2014:09:01 14:03 103.53 154.32 74.58 155.34 0.88 1.12 0.686 10.03 0.306 558.29 0.971 8.08 3.89 0.968 0.971 0.086
2014:09:01 14:18 405.62 113.23 74.82 111.68 3.49 0.52 0.662 12.70 0.306 558.29 0.971 7.53 3.77 0.970 0.973 0.276
2014:09:01 14:33 434.36 120.06 79.01 123.77 3.48 0.52 0.666 4.34 0.308 558.29 0.971 6.23 3.48 0.974 0.977 0.309
2014:09:01 14:48 86.20 185.86 63.90 191.41 0.97 2.32 0.704 8.11 0.302 558.29 0.971 8.46 3.97 0.967 0.970 0.090
2014:09:01 15:03 41.07 212.08 57.48 215.36 0.56 3.66 0.720 5.97 0.300 558.29 0.971 8.65 4.01 0.966 0.969 0.054
2014:09:01 15:18 32.99 205.37 62.28 209.07 0.39 2.97 0.716 5.18 0.302 558.29 0.971 8.31 3.94 0.967 0.970 0.040
2014:09:01 15:33 50.53 195.69 65.59 201.31 0.56 2.45 0.710 5.63 0.303 558.29 0.971 8.19 3.92 0.968 0.971 0.056
2014:09:01 15:48 26.96 211.13 57.86 215.89 0.38 3.71 0.719 6.85 0.300 558.29 0.971 8.84 4.05 0.966 0.969 0.036
2014:09:02 10:48 -0.57 243.54 32.03 243.62 -0.02 14.59 0.738 9.32 0.289 558.29 0.971 9.94 4.26 0.962 0.965 -0.002
2014:09:02 11:03 0.42 244.08 30.84 244.15 0.02 16.88 0.738 11.41 0.289 558.29 0.971 10.26 4.33 0.961 0.965 0.002
2014:09:02 11:18 -0.86 244.44 30.99 244.48 -0.05 17.24 0.738 7.70 0.289 558.29 0.971 9.69 4.22 0.963 0.966 -0.004
2014:09:02 11:33 -1.42 242.34 35.49 242.47 -0.05 11.55 0.737 9.35 0.291 558.29 0.971 9.94 4.27 0.962 0.965 -0.005
2014:09:02 11:48 -2.00 239.64 38.89 239.99 -0.06 8.95 0.736 8.40 0.292 558.29 0.971 9.72 4.22 0.963 0.966 -0.005
2014:09:02 12:03 -3.30 241.80 36.27 241.96 -0.11 11.04 0.737 13.42 0.291 558.29 0.971 10.50 4.37 0.960 0.964 -0.010
2014:09:02 12:18 -3.99 242.54 35.45 242.76 -0.15 11.84 0.737 11.94 0.291 558.29 0.971 10.33 4.34 0.961 0.964 -0.013
2014:09:02 12:33 -3.49 242.20 35.29 242.38 -0.13 11.92 0.737 12.75 0.291 558.29 0.971 10.42 4.36 0.960 0.964 -0.012
2014:09:02 12:48 -2.30 244.73 30.71 244.77 -0.15 19.10 0.739 11.53 0.288 558.29 0.971 10.31 4.34 0.961 0.964 -0.014
2014:09:02 13:03 -2.64 245.16 29.76 245.18 -0.21 21.85 0.739 6.88 0.288 558.29 0.971 9.56 4.19 0.963 0.967 -0.020
2014:09:02 13:18 -3.31 244.97 30.77 245.03 -0.23 20.49 0.739 9.16 0.289 558.29 0.971 9.98 4.27 0.962 0.965 -0.021
2014:09:02 13:33 -5.63 243.11 35.74 243.22 -0.21 12.72 0.738 10.67 0.291 558.29 0.971 10.19 4.31 0.961 0.965 -0.019
2014:09:02 13:48 -4.89 232.71 44.44 233.54 -0.10 6.85 0.732 12.34 0.295 558.29 0.971 10.18 4.31 0.961 0.965 -0.009
2014:09:02 14:03 -9.16 225.62 49.10 226.70 -0.16 5.31 0.727 11.78 0.297 558.29 0.971 9.94 4.27 0.962 0.965 -0.015
2014:09:02 14:18 -8.38 218.55 55.84 220.31 -0.12 3.87 0.723 6.61 0.299 558.29 0.971 8.92 4.07 0.965 0.968 -0.012
2014:09:02 14:33 -0.12 211.79 60.33 214.55 0.00 3.16 0.719 5.65 0.301 558.29 0.971 8.55 3.99 0.967 0.970 0.000
2014:09:02 14:48 13.48 201.64 62.10 205.92 0.16 2.75 0.714 8.07 0.302 558.29 0.971 8.81 4.04 0.966 0.969 0.015
2014:09:02 15:03 18.20 210.04 58.18 214.15 0.24 3.41 0.718 7.68 0.300 558.29 0.971 8.94 4.07 0.965 0.968 0.023
2014:09:02 15:18 3.37 231.03 48.67 232.90 0.06 5.97 0.731 8.35 0.296 558.29 0.971 9.59 4.20 0.963 0.967 0.006
2014:09:02 15:33 38.79 188.74 64.68 197.06 0.43 2.30 0.706 10.25 0.303 558.29 0.971 8.87 4.05 0.966 0.969 0.041
2014:09:02 15:48 16.54 214.25 55.92 220.17 0.24 3.89 0.721 6.36 0.299 558.29 0.971 8.78 4.04 0.966 0.969 0.023
2014:09:03 10:49 3.63 243.77 32.94 243.87 0.14 14.75 0.738 5.53 0.290 558.29 0.971 9.23 4.13 0.964 0.968 0.014
2014:09:03 11:04 0.37 245.38 30.14 245.49 0.02 21.47 0.739 5.73 0.288 558.29 0.971 9.32 4.14 0.964 0.967 0.002
2014:09:03 11:19 0.03 242.67 36.29 242.75 0.00 11.17 0.737 8.14 0.291 558.29 0.971 9.76 4.23 0.963 0.966 0.000
2014:09:03 11:34 1.89 233.19 43.11 233.35 0.04 6.88 0.732 7.74 0.294 558.29 0.971 9.45 4.17 0.964 0.967 0.004
2014:09:03 11:49 -0.11 243.06 35.35 243.20 0.00 12.44 0.738 5.77 0.291 558.29 0.971 9.29 4.14 0.964 0.967 0.000
2014:09:03 12:04 -1.29 243.50 34.98 243.59 -0.05 13.03 0.738 7.88 0.290 558.29 0.971 9.74 4.23 0.963 0.966 -0.005
2014:09:03 12:19 -2.18 243.84 34.63 243.93 -0.09 13.02 0.738 7.00 0.290 558.29 0.971 9.57 4.19 0.963 0.967 -0.008
2014:09:03 12:34 -1.24 245.53 28.26 245.56 -0.13 26.62 0.739 7.02 0.287 558.29 0.971 9.59 4.20 0.963 0.967 -0.013
2014:09:03 12:49 -1.48 245.89 26.79 245.92 -0.28 36.05 0.739 6.05 0.287 558.29 0.971 9.39 4.16 0.964 0.967 -0.027
2014:09:03 13:04 -5.09 244.28 31.54 244.41 -0.31 17.04 0.738 9.87 0.289 558.29 0.971 10.06 4.29 0.962 0.965 -0.028
2014:09:03 13:19 -5.87 244.39 31.95 244.50 -0.34 17.16 0.738 7.69 0.289 558.29 0.971 9.71 4.22 0.963 0.966 -0.032
2014:09:03 13:34 -5.56 245.12 31.90 245.26 -0.33 19.13 0.739 5.55 0.289 558.29 0.971 9.29 4.14 0.964 0.967 -0.032
2014:09:03 13:49 -6.32 238.80 41.32 239.16 -0.16 8.29 0.735 12.24 0.293 558.29 0.971 10.31 4.34 0.961 0.964 -0.014
2014:09:03 14:04 -3.31 243.68 35.17 243.81 -0.14 13.41 0.738 9.38 0.291 558.29 0.971 10.01 4.28 0.962 0.965 -0.012
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Table F.21. MATLAB Model Data from 07.25.14 to 09.13.14, Part 13 
 
Ptherm,sim TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:09:03 14:19 -3.44 244.73 33.66 244.83 -0.17 16.45 0.739 7.10 0.290 558.29 0.971 9.64 4.21 0.963 0.966 -0.016
2014:09:03 14:34 -4.25 243.67 36.47 243.79 -0.16 13.01 0.738 8.16 0.291 558.29 0.971 9.83 4.24 0.962 0.966 -0.015
2014:09:03 14:49 -4.60 241.63 40.71 241.93 -0.13 9.71 0.737 9.10 0.293 558.29 0.971 9.96 4.27 0.962 0.965 -0.011
2014:09:03 15:04 -2.40 240.29 43.39 240.74 -0.06 8.48 0.736 9.32 0.294 558.29 0.971 9.99 4.27 0.962 0.965 -0.005
2014:09:03 15:19 2.86 237.02 45.75 237.78 0.06 7.55 0.734 10.94 0.295 558.29 0.971 10.17 4.31 0.961 0.965 0.005
2014:09:03 15:34 6.79 227.77 50.89 230.06 0.11 5.47 0.729 9.93 0.297 558.29 0.971 9.79 4.24 0.963 0.966 0.010
2014:09:03 15:49 6.28 231.47 50.76 233.46 0.11 5.66 0.731 5.55 0.297 558.29 0.971 9.04 4.09 0.965 0.968 0.010
2014:09:04 10:49 397.67 128.06 73.57 113.10 3.53 0.78 0.671 9.45 0.306 558.29 0.971 7.46 3.76 0.970 0.973 0.280
2014:09:04 11:04 441.81 120.90 76.58 105.97 3.74 0.60 0.667 7.15 0.307 558.29 0.971 6.94 3.64 0.972 0.974 0.304
2014:09:04 11:19 493.59 113.77 76.46 99.04 4.26 0.51 0.663 7.05 0.307 558.29 0.971 6.78 3.61 0.973 0.975 0.335
2014:09:04 11:34 540.41 108.20 76.78 94.54 4.71 0.42 0.659 6.86 0.307 558.29 0.971 6.63 3.57 0.973 0.975 0.361
2014:09:04 11:49 540.31 103.37 75.67 91.76 4.89 0.39 0.657 9.65 0.307 558.29 0.971 6.98 3.65 0.972 0.974 0.359
2014:09:04 12:04 590.38 101.65 75.98 90.28 5.37 0.36 0.656 7.14 0.307 558.29 0.971 6.55 3.55 0.973 0.976 0.392
2014:09:04 12:19 630.21 98.82 75.82 89.52 5.34 0.30 0.654 6.51 0.307 558.29 0.971 6.38 3.52 0.974 0.976 0.416
2014:09:04 12:34 658.89 98.53 74.23 90.07 4.95 0.28 0.654 6.59 0.308 558.29 0.971 6.40 3.52 0.974 0.976 0.436
2014:09:04 12:49 544.36 102.39 76.05 93.30 5.09 0.38 0.656 12.41 0.307 558.29 0.971 7.30 3.72 0.971 0.973 0.359
2014:09:04 13:04 573.29 103.15 79.12 95.82 5.08 0.33 0.656 6.74 0.308 558.29 0.971 6.52 3.55 0.973 0.976 0.380
2014:09:04 13:19 510.66 105.51 79.56 99.30 4.52 0.36 0.658 9.32 0.308 558.29 0.971 7.00 3.66 0.972 0.974 0.341
2014:09:04 13:34 465.63 108.59 80.94 104.09 4.03 0.38 0.660 8.73 0.309 558.29 0.971 6.98 3.65 0.972 0.974 0.318
2014:09:04 13:49 428.17 110.69 83.35 108.91 3.56 0.36 0.661 7.32 0.309 558.29 0.971 6.80 3.61 0.972 0.975 0.298
2014:09:04 14:04 403.21 115.86 83.15 114.61 3.38 0.44 0.664 7.60 0.309 558.29 0.971 6.96 3.65 0.972 0.974 0.284
2014:09:04 14:19 330.23 124.79 81.50 124.96 2.88 0.61 0.669 10.06 0.309 558.29 0.971 7.54 3.78 0.970 0.973 0.241
2014:09:04 14:34 242.47 133.20 82.25 137.43 2.09 0.71 0.674 8.55 0.309 558.29 0.971 7.50 3.77 0.970 0.973 0.190
2014:09:04 14:49 121.58 146.69 79.03 155.22 1.14 1.03 0.682 12.43 0.308 558.29 0.971 8.32 3.94 0.967 0.970 0.105
2014:09:04 15:04 187.63 142.75 81.30 153.35 1.68 0.89 0.679 8.83 0.309 558.29 0.971 7.75 3.82 0.969 0.972 0.155
2014:09:04 15:19 177.54 147.59 80.64 159.99 1.62 1.00 0.682 9.84 0.308 558.29 0.971 8.01 3.88 0.968 0.971 0.147
2014:09:04 15:34 107.14 171.57 76.25 182.94 1.08 1.60 0.696 6.84 0.307 558.29 0.971 8.03 3.88 0.968 0.971 0.104
2014:09:04 15:49 73.17 172.41 76.67 187.10 0.74 1.60 0.697 8.68 0.307 558.29 0.971 8.39 3.96 0.967 0.970 0.071
2014:09:05 10:49 384.89 124.64 73.90 108.94 3.57 0.76 0.669 12.36 0.306 558.29 0.971 7.76 3.82 0.969 0.972 0.275
2014:09:05 11:04 427.88 118.72 74.84 103.01 3.95 0.65 0.666 11.76 0.306 558.29 0.971 7.57 3.78 0.970 0.973 0.299
2014:09:05 11:19 451.64 113.18 74.62 98.28 4.26 0.58 0.662 13.29 0.306 558.29 0.971 7.62 3.79 0.970 0.972 0.313
2014:09:05 11:34 498.24 108.26 76.31 94.76 4.60 0.46 0.659 9.93 0.307 558.29 0.971 7.12 3.68 0.971 0.974 0.342
2014:09:05 11:49 522.24 106.98 76.17 93.71 4.89 0.45 0.659 10.51 0.307 558.29 0.971 7.17 3.70 0.971 0.974 0.353
2014:09:05 12:04 527.01 107.77 76.25 95.78 4.98 0.47 0.659 10.14 0.307 558.29 0.971 7.15 3.69 0.971 0.974 0.358
2014:09:05 12:19 454.52 107.48 78.01 99.83 4.17 0.43 0.659 11.18 0.308 558.29 0.971 7.27 3.72 0.971 0.973 0.317
2014:09:05 12:34 566.86 99.16 76.64 90.84 5.43 0.34 0.654 11.07 0.307 558.29 0.971 7.07 3.67 0.972 0.974 0.379
2014:09:05 12:49 546.31 99.66 76.64 92.30 5.29 0.35 0.654 12.48 0.307 558.29 0.971 7.24 3.71 0.971 0.974 0.368
2014:09:05 13:04 563.37 101.30 77.94 94.58 5.33 0.35 0.655 9.67 0.308 558.29 0.971 6.95 3.64 0.972 0.974 0.378
2014:09:05 13:19 580.66 102.54 78.45 97.25 5.48 0.36 0.656 8.21 0.308 558.29 0.971 6.76 3.60 0.973 0.975 0.390
2014:09:05 13:34 221.42 141.59 80.25 138.07 2.00 0.90 0.679 7.85 0.308 558.29 0.971 7.54 3.78 0.970 0.973 0.182
2014:09:05 13:49 126.55 149.77 81.80 148.47 1.11 0.97 0.684 8.37 0.309 558.29 0.971 7.82 3.84 0.969 0.972 0.108
2014:09:05 14:04 268.26 125.15 88.26 123.49 2.10 0.47 0.669 7.28 0.311 558.29 0.971 7.11 3.68 0.971 0.974 0.197
2014:09:05 14:19 211.65 134.76 84.19 137.65 1.80 0.70 0.675 7.89 0.310 558.29 0.971 7.42 3.75 0.970 0.973 0.170
2014:09:05 14:34 383.12 121.03 85.78 122.90 3.20 0.48 0.667 6.57 0.310 558.29 0.971 6.88 3.63 0.972 0.975 0.275
2014:09:05 14:49 269.04 134.96 82.19 139.05 2.43 0.77 0.675 9.25 0.309 558.29 0.971 7.64 3.80 0.970 0.972 0.210
2014:09:05 15:04 172.37 147.66 80.54 156.59 1.63 1.02 0.682 9.37 0.308 558.29 0.971 7.94 3.86 0.969 0.971 0.148
2014:09:05 15:19 133.35 151.50 82.50 164.15 1.22 1.02 0.685 8.10 0.309 558.29 0.971 7.83 3.84 0.969 0.972 0.117
2014:09:05 15:34 74.81 169.73 75.04 182.26 0.81 1.64 0.695 10.73 0.307 558.29 0.971 8.62 4.00 0.966 0.969 0.076
2014:09:05 15:49 57.50 179.00 74.60 193.02 0.64 1.85 0.700 8.25 0.306 558.29 0.971 8.45 3.97 0.967 0.970 0.062
2014:09:06 10:49 -3.79 244.17 28.35 244.30 -0.24 15.73 0.738 4.82 0.287 558.29 0.971 8.97 4.07 0.965 0.968 -0.025
2014:09:06 11:04 -1.26 241.89 32.16 242.01 -0.05 11.25 0.737 5.73 0.289 558.29 0.971 9.15 4.11 0.965 0.968 -0.005
2014:09:06 11:19 -2.16 239.34 36.00 239.82 -0.07 8.52 0.735 5.24 0.291 558.29 0.971 8.97 4.07 0.965 0.968 -0.007
2014:09:06 11:34 -2.05 241.88 32.01 242.11 -0.10 11.19 0.737 7.05 0.289 558.29 0.971 9.43 4.17 0.964 0.967 -0.009
2014:09:06 11:49 -2.53 243.90 28.37 243.97 -0.20 15.23 0.738 8.90 0.287 558.29 0.971 9.80 4.24 0.963 0.966 -0.019
2014:09:06 12:04 -3.46 244.41 27.79 244.42 -0.32 15.72 0.738 4.86 0.287 558.29 0.971 8.97 4.07 0.965 0.968 -0.033
2014:09:06 12:19 -3.99 244.05 28.05 244.14 -0.35 15.07 0.738 8.72 0.287 558.29 0.971 9.77 4.23 0.963 0.966 -0.033
2014:09:06 12:34 -1.37 245.20 24.78 245.25 -0.35 21.87 0.739 6.34 0.286 558.29 0.971 9.34 4.15 0.964 0.967 -0.035
2014:09:06 12:49 -3.09 244.36 26.94 244.47 -0.34 17.06 0.738 8.20 0.287 558.29 0.971 9.69 4.22 0.963 0.966 -0.032
2014:09:06 13:04 -4.58 243.90 29.36 244.01 -0.30 13.45 0.738 4.26 0.288 558.29 0.971 8.79 4.04 0.966 0.969 -0.031
2014:09:06 13:19 -4.13 243.53 29.97 243.62 -0.25 12.92 0.738 5.79 0.288 558.29 0.971 9.19 4.12 0.965 0.968 -0.024
2014:09:06 13:34 -6.10 243.14 30.53 243.28 -0.34 12.32 0.738 6.11 0.288 558.29 0.971 9.26 4.13 0.964 0.967 -0.034
2014:09:06 13:49 -5.74 243.69 29.36 243.80 -0.39 14.06 0.738 7.42 0.288 558.29 0.971 9.55 4.19 0.963 0.967 -0.038
2014:09:06 14:04 -4.44 243.80 29.33 243.92 -0.29 14.24 0.738 6.36 0.288 558.29 0.971 9.33 4.15 0.964 0.967 -0.029
2014:09:06 14:19 -7.12 242.12 32.35 242.37 -0.32 11.08 0.737 6.42 0.289 558.29 0.971 9.31 4.14 0.964 0.967 -0.032
2014:09:06 14:34 -9.17 240.04 36.09 240.27 -0.29 8.67 0.736 5.29 0.291 558.29 0.971 9.01 4.08 0.965 0.968 -0.030
2014:09:06 14:49 -4.20 234.75 39.45 235.61 -0.11 6.94 0.733 6.08 0.292 558.29 0.971 9.06 4.09 0.965 0.968 -0.011
2014:09:06 15:04 -3.56 239.28 34.64 239.56 -0.13 9.38 0.735 7.72 0.290 558.29 0.971 9.50 4.18 0.963 0.967 -0.012
2014:09:06 15:19 -12.66 240.69 34.98 241.02 -0.46 9.36 0.736 6.69 0.290 558.29 0.971 9.35 4.15 0.964 0.967 -0.046
2014:09:06 15:34 -6.51 242.94 32.91 243.07 -0.28 11.18 0.738 4.17 0.290 558.29 0.971 8.77 4.03 0.966 0.969 -0.029
2014:09:06 15:49 -9.79 241.01 35.01 241.43 -0.35 9.48 0.736 6.70 0.290 558.29 0.971 9.36 4.15 0.964 0.967 -0.035
MATLAB Model Data - 07.25.14 to 09.13.14
Date & Time
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Table F.22. MATLAB Model Data from 07.25.14 to 09.13.14, Part 14 
  
Ptherm,sim TPVT Lam TPVT Abs. TPV Lam Hca τeff,a τeff,s hwind Eequ Cequ fequ Utop Mequ Feff,F Ft Ceff,F
Watts ° C ° C ° C - - - - - - - - - - - -
2014:09:07 10:49 503.96 117.31 65.74 99.25 4.53 0.74 0.665 8.73 0.303 558.29 0.971 7.02 3.66 0.972 0.974 0.341
2014:09:07 11:04 593.83 110.59 67.28 93.00 5.26 0.61 0.661 5.57 0.304 558.29 0.971 6.29 3.49 0.974 0.976 0.395
2014:09:07 11:19 637.87 104.19 66.19 88.26 5.90 0.55 0.657 6.65 0.303 558.29 0.971 6.41 3.52 0.974 0.976 0.417
2014:09:07 11:34 669.07 101.39 66.40 86.54 6.27 0.51 0.655 6.45 0.303 558.29 0.971 6.31 3.50 0.974 0.976 0.434
2014:09:07 11:49 703.45 99.03 66.45 85.94 6.70 0.49 0.654 6.22 0.303 558.29 0.971 6.22 3.48 0.974 0.977 0.452
2014:09:07 12:04 691.83 96.05 65.45 84.33 6.85 0.47 0.652 8.70 0.303 558.29 0.971 6.60 3.57 0.973 0.976 0.444
2014:09:07 12:19 733.00 94.74 66.96 85.27 7.12 0.42 0.652 6.06 0.304 558.29 0.971 6.11 3.45 0.975 0.977 0.469
2014:09:07 12:34 759.72 95.70 68.05 86.67 7.28 0.41 0.652 4.90 0.304 558.29 0.971 5.87 3.39 0.976 0.978 0.483
2014:09:07 12:49 746.89 95.20 67.76 87.16 7.29 0.42 0.652 5.44 0.304 558.29 0.971 5.99 3.42 0.975 0.977 0.479
2014:09:07 13:04 716.65 98.73 68.96 90.81 6.86 0.45 0.654 6.08 0.304 558.29 0.971 6.21 3.47 0.974 0.977 0.458
2014:09:07 13:19 664.35 99.91 69.52 92.82 6.35 0.46 0.655 7.77 0.305 558.29 0.971 6.56 3.56 0.973 0.976 0.429
2014:09:07 13:34 642.61 102.79 69.82 96.64 6.15 0.50 0.656 7.00 0.305 558.29 0.971 6.48 3.54 0.974 0.976 0.424
2014:09:07 13:49 596.32 105.02 71.51 100.62 5.55 0.49 0.658 7.23 0.305 558.29 0.971 6.58 3.56 0.973 0.976 0.398
2014:09:07 14:04 557.79 109.92 72.89 107.25 5.07 0.54 0.660 5.77 0.306 558.29 0.971 6.37 3.51 0.974 0.976 0.385
2014:09:07 14:19 474.52 115.23 72.57 114.78 4.38 0.63 0.663 7.87 0.306 558.29 0.971 6.90 3.63 0.972 0.975 0.338
2014:09:07 14:34 421.87 122.66 72.91 125.44 3.89 0.73 0.668 7.49 0.306 558.29 0.971 6.98 3.65 0.972 0.974 0.311
2014:09:07 14:49 386.87 130.17 72.03 136.46 3.67 0.88 0.672 6.28 0.305 558.29 0.971 6.89 3.63 0.972 0.975 0.302
2014:09:07 15:04 341.71 139.08 73.37 148.66 3.17 0.99 0.677 4.82 0.306 558.29 0.971 6.73 3.60 0.973 0.975 0.277
2014:09:07 15:19 255.15 149.57 71.70 162.05 2.47 1.22 0.683 6.02 0.305 558.29 0.971 7.24 3.71 0.971 0.974 0.221
2014:09:07 15:34 192.15 160.74 70.64 175.31 1.92 1.46 0.690 5.43 0.305 558.29 0.971 7.34 3.73 0.971 0.973 0.180
2014:09:07 15:49 99.79 173.96 69.42 189.21 1.04 1.76 0.698 6.19 0.304 558.29 0.971 7.81 3.83 0.969 0.972 0.103
2014:09:08 10:49 49.62 216.60 50.23 215.27 0.72 4.41 0.722 7.53 0.297 558.29 0.971 9.01 4.08 0.965 0.968 0.066
2014:09:08 11:04 38.74 218.38 50.12 217.39 0.58 4.61 0.723 9.98 0.297 558.29 0.971 9.48 4.18 0.964 0.967 0.051
2014:09:08 11:19 107.82 172.13 70.41 168.18 0.95 1.52 0.696 6.31 0.305 558.29 0.971 7.77 3.82 0.969 0.972 0.095
2014:09:08 11:34 211.63 151.02 76.52 146.11 1.68 0.98 0.684 5.88 0.307 558.29 0.971 7.23 3.71 0.971 0.974 0.163
2014:09:08 11:49 328.67 130.52 77.32 123.06 2.61 0.68 0.672 8.19 0.307 558.29 0.971 7.27 3.72 0.971 0.973 0.229
2014:09:08 12:04 191.27 157.33 71.04 154.91 1.74 1.30 0.688 8.43 0.305 558.29 0.971 7.87 3.85 0.969 0.972 0.158
2014:09:08 12:19 75.19 187.75 67.56 188.06 0.75 2.05 0.706 7.88 0.304 558.29 0.971 8.47 3.97 0.967 0.970 0.071
2014:09:08 12:34 539.89 105.43 76.69 100.38 4.51 0.38 0.658 7.98 0.307 558.29 0.971 6.74 3.60 0.973 0.975 0.349
2014:09:08 12:49 609.95 98.15 74.64 94.54 5.34 0.32 0.654 6.32 0.306 558.29 0.971 6.29 3.49 0.974 0.976 0.401
2014:09:08 13:04 638.11 100.84 72.65 94.96 5.93 0.41 0.655 7.37 0.306 558.29 0.971 6.53 3.55 0.973 0.976 0.414
2014:09:08 13:19 486.91 113.23 77.37 111.09 4.13 0.49 0.662 7.05 0.307 558.29 0.971 6.73 3.60 0.973 0.975 0.330
2014:09:08 13:34 177.47 152.69 76.10 154.96 1.55 1.09 0.685 8.82 0.307 558.29 0.971 7.86 3.84 0.969 0.972 0.143
2014:09:08 13:49 78.37 176.72 73.39 180.23 0.73 1.59 0.699 6.23 0.306 558.29 0.971 7.90 3.85 0.969 0.972 0.074
2014:09:08 14:04 140.30 152.17 79.04 156.11 1.17 1.00 0.685 8.28 0.308 558.29 0.971 7.78 3.83 0.969 0.972 0.114
2014:09:08 14:19 380.65 117.22 81.50 122.10 3.07 0.46 0.665 7.47 0.309 558.29 0.971 6.91 3.64 0.972 0.975 0.266
2014:09:08 14:34 186.08 146.57 76.49 154.49 1.66 1.02 0.682 6.89 0.307 558.29 0.971 7.40 3.74 0.970 0.973 0.159
2014:09:08 14:49 75.31 181.59 64.45 185.28 0.91 2.32 0.702 9.92 0.303 558.29 0.971 8.68 4.02 0.966 0.969 0.084
2014:09:08 15:04 74.25 171.86 72.46 180.22 0.74 1.59 0.696 6.43 0.306 558.29 0.971 7.84 3.84 0.969 0.972 0.075
2014:09:08 15:19 19.44 200.47 61.04 207.66 0.27 3.07 0.713 7.39 0.301 558.29 0.971 8.69 4.02 0.966 0.969 0.026
2014:09:08 15:34 16.87 189.25 67.57 200.12 0.19 2.25 0.706 6.98 0.304 558.29 0.971 8.36 3.95 0.967 0.970 0.020
2014:09:08 15:49 17.22 187.74 65.42 200.86 0.21 2.41 0.706 12.13 0.303 558.29 0.971 9.14 4.11 0.965 0.968 0.020
2014:09:09 10:49 98.70 189.05 62.39 185.18 1.09 2.52 0.706 7.19 0.302 558.29 0.971 8.38 3.95 0.967 0.970 0.101
2014:09:09 11:04 334.85 129.32 78.52 120.62 2.65 0.65 0.672 6.81 0.308 558.29 0.971 7.03 3.66 0.972 0.974 0.237
2014:09:09 11:19 280.50 133.02 75.86 125.63 2.37 0.79 0.674 12.37 0.307 558.29 0.971 7.95 3.86 0.969 0.971 0.201
2014:09:09 11:34 378.81 121.76 79.11 113.95 3.05 0.55 0.667 7.86 0.308 558.29 0.971 7.07 3.67 0.972 0.974 0.262
2014:09:09 11:49 212.23 142.77 78.70 138.85 1.74 0.86 0.679 7.47 0.308 558.29 0.971 7.44 3.75 0.970 0.973 0.164
2014:09:09 12:04 39.41 206.51 59.82 206.92 0.52 3.42 0.716 8.47 0.301 558.29 0.971 9.06 4.09 0.965 0.968 0.048
2014:09:09 12:19 48.54 175.19 75.54 174.05 0.43 1.51 0.698 5.80 0.307 558.29 0.971 7.81 3.83 0.969 0.972 0.045
2014:09:09 12:34 409.65 113.99 83.69 108.24 3.15 0.36 0.663 6.50 0.309 558.29 0.971 6.69 3.59 0.973 0.975 0.277
2014:09:09 12:49 502.12 108.33 78.76 102.10 4.29 0.40 0.659 9.07 0.308 558.29 0.971 7.01 3.66 0.972 0.974 0.330
2014:09:09 13:04 564.69 110.07 78.37 104.97 4.92 0.43 0.661 6.61 0.308 558.29 0.971 6.62 3.57 0.973 0.975 0.370
2014:09:09 13:19 370.50 122.46 80.23 120.84 3.12 0.57 0.668 8.72 0.308 558.29 0.971 7.26 3.71 0.971 0.974 0.261
2014:09:09 13:34 288.24 123.55 82.76 125.00 2.33 0.53 0.668 8.93 0.309 558.29 0.971 7.32 3.73 0.971 0.973 0.210
2014:09:09 13:49 67.21 171.54 70.71 173.68 0.71 1.78 0.696 9.19 0.305 558.29 0.971 8.39 3.96 0.967 0.970 0.069
2014:09:09 14:04 105.30 150.24 81.22 153.84 0.89 0.96 0.684 8.46 0.309 558.29 0.971 7.83 3.84 0.969 0.972 0.089
2014:09:09 14:19 65.23 152.92 86.52 158.28 0.50 0.84 0.685 5.38 0.310 558.29 0.971 7.26 3.72 0.971 0.973 0.056
2014:09:09 14:34 214.31 135.25 83.88 143.44 1.74 0.68 0.675 9.11 0.310 558.29 0.971 7.62 3.79 0.970 0.972 0.162
2014:09:09 14:49 135.62 158.68 79.34 167.30 1.22 1.17 0.689 6.70 0.308 558.29 0.971 7.68 3.81 0.970 0.972 0.119
2014:09:09 15:04 97.59 158.81 81.60 170.63 0.84 1.10 0.689 8.04 0.309 558.29 0.971 7.96 3.86 0.969 0.971 0.084
2014:09:09 15:19 123.59 158.21 78.71 171.67 1.14 1.20 0.688 10.22 0.308 558.29 0.971 8.28 3.93 0.968 0.970 0.106
2014:09:09 15:34 74.46 176.36 73.40 189.61 0.79 1.77 0.699 8.67 0.306 558.29 0.971 8.44 3.97 0.967 0.970 0.075
2014:09:09 15:49 -3.47 226.34 52.86 230.89 -0.08 5.86 0.728 6.59 0.298 558.29 0.971 9.21 4.12 0.964 0.968 -0.007
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! This component simulates the thermal 
performance of a flat-plate solar 
collector using the 
! model developed by Hottel, Whillier, 
and Bliss. 
! 
! Last Modified 
!    03.00.1993 - JWT: For TRNSYS 
14.1 
!    03.00.2004 - TPM: For TRNSYS 16 
!    12.00.2005 - DAA: Added units 
checking with RCHECK  
!    08.00.2008 - MJD: Fixed bug in 
mode 3 for loss coefficient. Set tcell=ta 
for low or no  
!                       transmittance 
!    07.00.2009 - TPM: Conversion to 
version 17 coding standards 
!    02.09.2011 - DEB: Recoded an If 
statement that was causing incorrect cell 
temperature  
!                       calculation in mode 1 
!********************************
**** 
!  hr     - total radiation incident on the 
tilted collector surface 
!  s      - solar energy absorbed by the 
surface of the absorbed - for the case of 
the concentrating pv/thermal collector 
!  sinc   - solar energy incident on the 
absorber 
!  qu     - the useful energy collection rate 
per unit area 
!  a      - collector area 
!  fp     - (f-prine) collector geometry 
efficiency factor 
!  ul     - overall energy loss coefficient 
!  ta     - ambient temperature 
!  tin    - inlet fluid temperature 
!  touy   - outlet fluid temperature 
!  tm     - mean fluid temperature 
!  flwrt  - collector fluid flowrate 
!  cpf    - thermal capacitance of the 
collector fluid 
!  taualf - the product of the 
transmittance of the glass and the 
absorptance of the collector plate surface 
!         - note that the diffuse radiation is 
treated as if it strikes the collector 
surface at 60 degrees 
! 
!  This program has eight modes of 
operation as determined by the value of 
mode. 
! 
!  If mode=1,5,7 ul and taualf are 
constants 
! 
!  If mode=2,4,6,8 ul is calculated as a 
function of 
!  ng     - the number of glass covers 
!  ep     - the emittance of the collector 
plate surface 
!  ube    - the contribution to the ul due to 
bottom and edge losses (kJ/hr-m2-C) 
!  angle  - the tilt of the collector with 
respect to horizontal 
!  wind   - the windspeed (m/s) 
! 
!  If mode=3,4 taualf is calculated as a 
function of 
!  theta1 - the angle of incidence of 
radiation on the collector 
!  alf    - the absorptance of the collector 
plate surface (constant) 
!  xkl    - product of the extinction 
coefficient and the thickness of each 
glass cover 
!  refind - the refractive index of the 
glass 
!  hbt    - the instantaneous beam 
radiation on the collector surface 
!  hdt    - the instantaneous diffuse 
radiation on the collector surface 
! 
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!  If mode=5,6,7,8 a combined 
photovoltaic-thermal collector is 
simulated 
!  mode=5,6 assumes cells are operated 
at peak power 
!  mode=7,8 assumes the voltage on the 
array is fixed external 
!  ar     - aperture area to absorber area 
(geometrical concentration ratio for use 
in concentrating collectors) 
!  fe     - appropriate fin efficiency 
!  ub     - back loss coefficient 
!  cb     - thermal conductance between 
cells and absorber 
!  uf     - film coefficient between fluid 
and absorber 
!  ut     - top loss coefficient for modes 5 
and 7 
! 
!  Modes 1 through 4 have been 
modified to allow simulation of flat plate 
combined collectors as developed by 
!  Florschuetz (Sharing the Sun Joint 
Solar Conference Proceedings, vol. 6, 
p.79-92, Winnipeg 1976) 
!  The following parameters are required 
in addition to the original ones required 
in modes 1 through 4 
!  br      - temperature coefficient of the 
cells 
!  tr      - a reference efficiency where the 
cell efficiency is known - the cell 
efficiency is entered as input(5,6,7,8) in 
mode 1,2,3,4 respectiviely 




! Copyright © 2011 Solar Energy 
Laboratory, University of Wisconsin-
Madison. All rights reserved. 
 
!export this subroutine for its use in 
external DLLs. 





 Use TrnsysConstants 





Implicit None !force explicit declaration 
of local variables 































!Set the Version Number for This Type 
 If(getIsVersionSigningTime()) Then 
     Call SetTypeVersion(17) 





!Do All of the Last Call Manipulations 
Here 
 If(getIsLastCallofSimulation()) Then 




That May Be Required 





!Do All of the "Very First Call of the 
Simulation Manipulations" Here 
 If(getIsFirstCallofSimulation()) Then 
 
!  Tell the TRNSYS Engine How This 
Type Works 
    mode = getParameterValue(1) 
    Call 
SetNumberofParameters(getNumberOfP
arameters()) 
    Call SetNumberofOutputs(20)  
    Call SetNumberofDerivatives(0)            
    Call SetIterationMode(1)            
    Call SetNumberStoredVariables(0,0) 
 
    Select Case (mode) 
    case (1) 
       Call SetNumberofInputs(5)            
    Call SetInputUnits(1,'TE1')     
    Call SetInputUnits(2,'MF1')     
    Call SetInputUnits(3,'TE1')     
    Call SetInputUnits(4,'IR1')     
    Call SetInputUnits(5,'DM1')     
       Call SetOutputUnits(1,'TE1')     
       Call SetOutputUnits(2,'MF1')     
       Call SetOutputUnits(3,'PW1')     
       Call SetOutputUnits(4,'HT1')     
       Call SetOutputUnits(5,'DM1')     
       Call SetOutputUnits(6,'PW1')     
       Call SetOutputUnits(7,'TE1')     
       Call SetOutputUnits(8,'HT1')     
       Call SetOutputUnits(9,'DM1')     
       Call SetOutputUnits(10,'DM1')     
       Call SetOutputUnits(11,'DM1')     
       Call SetOutputUnits(12,'DM1')     
       Call SetOutputUnits(13,'DM1')     
       Call SetOutputUnits(14,'DM1')     
       Call SetOutputUnits(15,'DM1')     
       Call SetOutputUnits(16,'DM1')     
       Call SetOutputUnits(17,'DM1')     
       Call SetOutputUnits(18,'DM1')     
       Call SetOutputUnits(19,'DM1')     
       Call SetOutputUnits(20,'DM1')     
    case (2) 
       Call SetNumberofInputs(6)            
    Call SetInputUnits(1,'TE1')     
    Call SetInputUnits(2,'MF1')     
    Call SetInputUnits(3,'TE1')     
    Call SetInputUnits(4,'IR1')     
    Call SetInputUnits(5,'VE1')     
    Call SetInputUnits(6,'DM1')     
       Call SetOutputUnits(1,'TE1')     
       Call SetOutputUnits(2,'MF1')     
       Call SetOutputUnits(3,'PW1')     
       Call SetOutputUnits(4,'HT1')     
       Call SetOutputUnits(5,'DM1')     
       Call SetOutputUnits(6,'PW1')     
       Call SetOutputUnits(7,'TE1')     
       Call SetOutputUnits(8,'HT1')     
       Call SetOutputUnits(9,'DM1')     
       Call SetOutputUnits(10,'DM1')     
       Call SetOutputUnits(11,'DM1')     
       Call SetOutputUnits(12,'DM1')     
       Call SetOutputUnits(13,'DM1')     
       Call SetOutputUnits(14,'DM1')     
       Call SetOutputUnits(15,'DM1')     
       Call SetOutputUnits(16,'DM1')     
       Call SetOutputUnits(17,'DM1')     
       Call SetOutputUnits(18,'DM1')     
       Call SetOutputUnits(19,'DM1')     
       Call SetOutputUnits(20,'DM1')     
    case (3) 
       Call SetNumberofInputs(7)            
    Call SetInputUnits(1,'TE1')     
    Call SetInputUnits(2,'MF1')     
    Call SetInputUnits(3,'TE1')     
265 
    Call SetInputUnits(4,'IR1')     
    Call SetInputUnits(5,'IR1')     
    Call SetInputUnits(6,'DG1')     
    Call SetInputUnits(7,'DM1')     
       Call SetOutputUnits(1,'TE1')     
       Call SetOutputUnits(2,'MF1')     
       Call SetOutputUnits(3,'PW1')     
       Call SetOutputUnits(4,'HT1')     
       Call SetOutputUnits(5,'DM1')     
       Call SetOutputUnits(6,'PW1')     
       Call SetOutputUnits(7,'TE1')     
       Call SetOutputUnits(8,'HT1')     
       Call SetOutputUnits(9,'DM1')     
       Call SetOutputUnits(10,'DM1')     
       Call SetOutputUnits(11,'DM1')     
       Call SetOutputUnits(12,'DM1')     
       Call SetOutputUnits(13,'DM1')     
       Call SetOutputUnits(14,'DM1')     
       Call SetOutputUnits(15,'DM1')     
       Call SetOutputUnits(16,'DM1')     
       Call SetOutputUnits(17,'DM1')     
       Call SetOutputUnits(18,'DM1')     
       Call SetOutputUnits(19,'DM1')     
       Call SetOutputUnits(20,'DM1')     
    case (4) 
       Call SetNumberofInputs(8)            
    Call SetInputUnits(1,'TE1')     
    Call SetInputUnits(2,'MF1')     
    Call SetInputUnits(3,'TE1')     
    Call SetInputUnits(4,'IR1')     
    Call SetInputUnits(5,'IR1')     
    Call SetInputUnits(6,'DG1')     
    Call SetInputUnits(7,'VE1')     
    Call SetInputUnits(8,'DM1')     
       Call SetOutputUnits(1,'TE1')     
       Call SetOutputUnits(2,'MF1')     
       Call SetOutputUnits(3,'PW1')     
       Call SetOutputUnits(4,'HT1')     
       Call SetOutputUnits(5,'DM1')     
       Call SetOutputUnits(6,'PW1')     
       Call SetOutputUnits(7,'TE1')     
       Call SetOutputUnits(8,'HT1')     
       Call SetOutputUnits(9,'DM1')     
       Call SetOutputUnits(10,'DM1')     
       Call SetOutputUnits(11,'DM1')     
       Call SetOutputUnits(12,'DM1')     
       Call SetOutputUnits(13,'DM1')     
       Call SetOutputUnits(14,'DM1')     
       Call SetOutputUnits(15,'DM1')     
       Call SetOutputUnits(16,'DM1')     
       Call SetOutputUnits(17,'DM1')     
       Call SetOutputUnits(18,'DM1')     
       Call SetOutputUnits(19,'DM1')     
       Call SetOutputUnits(20,'DM1')     
    case (5) 
       Call SetNumberofInputs(4)            
    Call SetInputUnits(1,'TE1')     
    Call SetInputUnits(2,'MF1')     
    Call SetInputUnits(3,'TE1')     
    Call SetInputUnits(4,'HT1')     
       Call SetOutputUnits(1,'TE1')     
       Call SetOutputUnits(2,'MF1')     
       Call SetOutputUnits(3,'PW1')     
       Call SetOutputUnits(4,'HT1')     
       Call SetOutputUnits(5,'DM1')     
       Call SetOutputUnits(6,'PW1')     
       Call SetOutputUnits(7,'TE1')     
       Call SetOutputUnits(8,'HT1')     
       Call SetOutputUnits(9,'VO1')     
       Call SetOutputUnits(10,'CU1')     
       Call SetOutputUnits(11,'TE1')     
       Call SetOutputUnits(12,'DM1')     
       Call SetOutputUnits(13,'DM1')     
       Call SetOutputUnits(14,'DM1')     
       Call SetOutputUnits(15,'DM1')     
       Call SetOutputUnits(16,'DM1')     
       Call SetOutputUnits(17,'DM1')     
       Call SetOutputUnits(18,'DM1')     
       Call SetOutputUnits(19,'DM1')     
       Call SetOutputUnits(20,'DM1')     
    case (6) 
       Call SetNumberofInputs(6)            
    Call SetInputUnits(1,'TE1')     
    Call SetInputUnits(2,'MF1')     
    Call SetInputUnits(3,'TE1')     
    Call SetInputUnits(4,'HT1')     
    Call SetInputUnits(5,'VE1')     
    Call SetInputUnits(6,'DG1')     
       Call SetOutputUnits(1,'TE1')     
       Call SetOutputUnits(2,'MF1')     
       Call SetOutputUnits(3,'PW1')     
       Call SetOutputUnits(4,'HT1')     
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       Call SetOutputUnits(5,'DM1')     
       Call SetOutputUnits(6,'PW1')     
       Call SetOutputUnits(7,'TE1')     
       Call SetOutputUnits(8,'HT1')     
       Call SetOutputUnits(9,'VO1')     
       Call SetOutputUnits(10,'CU1')     
       Call SetOutputUnits(11,'TE1')     
       Call SetOutputUnits(12,'DM1')     
       Call SetOutputUnits(13,'DM1')     
       Call SetOutputUnits(14,'DM1')     
       Call SetOutputUnits(15,'DM1')     
       Call SetOutputUnits(16,'DM1')     
       Call SetOutputUnits(17,'DM1')     
       Call SetOutputUnits(18,'DM1')     
       Call SetOutputUnits(19,'DM1')     
       Call SetOutputUnits(20,'DM1')     
    case (7) 
       Call SetNumberofInputs(5)            
    Call SetInputUnits(1,'TE1')     
    Call SetInputUnits(2,'MF1')     
    Call SetInputUnits(3,'TE1')     
    Call SetInputUnits(4,'HT1')     
    Call SetInputUnits(5,'VO1')     
       Call SetOutputUnits(1,'TE1')     
       Call SetOutputUnits(2,'MF1')     
       Call SetOutputUnits(3,'PW1')     
       Call SetOutputUnits(4,'HT1')     
       Call SetOutputUnits(5,'DM1')     
       Call SetOutputUnits(6,'PW1')     
       Call SetOutputUnits(7,'TE1')     
       Call SetOutputUnits(8,'HT1')     
       Call SetOutputUnits(9,'VO1')     
       Call SetOutputUnits(10,'CU1')     
       Call SetOutputUnits(11,'TE1')     
       Call SetOutputUnits(12,'DM1')     
       Call SetOutputUnits(13,'DM1')     
       Call SetOutputUnits(14,'DM1')     
       Call SetOutputUnits(15,'DM1')     
       Call SetOutputUnits(16,'DM1')     
       Call SetOutputUnits(17,'DM1')     
       Call SetOutputUnits(18,'DM1')     
       Call SetOutputUnits(19,'DM1')     
       Call SetOutputUnits(20,'DM1')     
    case (8) 
       Call SetNumberofInputs(7)            
    End Select 
 




!Do All of the "Start Time" 
Manipulations Here - There Are No 
Iterations at the Intial Time 
 If (getIsStartTime()) Then 
 
    iter = 0 
!  Read in the Values of the Parameters 
from the Input File 
    mode = getParameterValue(1) 
    If (mode<1 .or. mode>8) Call 
FoundBadParameter(1,'Fatal','The mode 
must be between 1 and 8.') 
    If (ErrorFound()) Return 
    a = getParameterValue(2) 
    fp = getParameterValue(3)  !redefined 
below if mode >= 5 
    cpf = getParameterValue(4) 
    alf = getParameterValue(5) 
 If (mode == 1) Then 
       ul = getParameterValue(6) 
       tau = getParameterValue(7) 
       br = getParameterValue(8) 
       tr = getParameterValue(9) 
       cellpf = getParameterValue(10) 
       taualf = tau*alf 
 ElseIf (mode == 2) Then 
       xng = getParameterValue(6) 
       ep = getParameterValue(7) 
       ube = getParameterValue(8) 
       angle = getParameterValue(9) 
       tau = getParameterValue(10) 
       br = getParameterValue(11) 
       tr = getParameterValue(12) 
       cellpf = getParameterValue(13) 
       ng = xng 
       taualf = tau*alf 
 ElseIf (mode == 3) Then 
       xng = getParameterValue(6) 
       ul = getParameterValue(7) 
       xkl = getParameterValue(8) 
       br = getParameterValue(9) 
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       tr = getParameterValue(10) 
       cellpf = getParameterValue(11) 
       ng = xng 




! tau60 is the trnasmittance of the glass 
cover system at an incidence angle of 60 
degrees, as assumed for diffuse radiation 
(see Hottel and Woertz) 
 ElseIf (mode == 4) Then 
       xng = getParameterValue(6) 
       ep = getParameterValue(7) 
       ube = getParameterValue(8) 
       angle = getParameterValue(9) 
       xkl = getParameterValue(10) 
       br = getParameterValue(11) 
       tr = getParameterValue(12) 
       cellpf = getParameterValue(13) 
       ul = 0. 
       ng = xng 




! tau60 is the trnasmittance of the glass 
cover system at an incidence angle of 60 
degrees, as assumed for diffuse radiation 
(see Hottel and Woertz) 
 ElseIf (mode == 5) Then 
       ar = getParameterValue(3) 
       fe = getParameterValue(6) 
       ub = getParameterValue(7) 
       cb = getParameterValue(8) 
       uf = getParameterValue(9) 
       uf =uf *(1.+fe) 
       If (cb < 1.d-5) Call 
FoundBadParameter(8,'Fatal','The 
thermal conductance between cells and 
absorber must be greater than 0.') 
       tau = getParameterValue(10) 
       taualf = tau*alf 
       ut = getParameterValue(11) 
       luin = -1 
       If (getNumberOfParameters() == 
12) luin = getParameterValue(12) 
 ElseIf (mode == 6) Then 
       ar = getParameterValue(3) 
       fe = getParameterValue(6) 
       ub = getParameterValue(7) 
       cb = getParameterValue(8) 
       uf = getParameterValue(9) 
       uf =uf *(1.+fe) 
       If (cb < 1.d-5) Call 
FoundBadParameter(8,'Fatal','The 
thermal conductance between cells and 
absorber must be greater than 0.') 
       tau = getParameterValue(10) 
       taualf = tau*alf 
       xng = getParameterValue(11) 
       ep = getParameterValue(12) 
       luin = -1 
       If (getNumberOfParameters() == 
13) luin = getParameterValue(13) 
 ElseIf (mode == 7) Then 
       ar = getParameterValue(3) 
    npp = 1 
       fe = getParameterValue(6) 
       ub = getParameterValue(7) 
       cb = getParameterValue(8) 
       uf = getParameterValue(9) 
       uf =uf *(1.+fe) 
       If (cb < 1.d-5) Call 
FoundBadParameter(8,'Fatal','The 
thermal conductance between cells and 
absorber must be greater than 0.') 
       tau = getParameterValue(10) 
       taualf = tau*alf 
       ut = getParameterValue(11) 
       luin = -1 
       If (getNumberOfParameters() == 
12) luin = getParameterValue(12) 
 Else 
       ar = getParameterValue(3) 
    npp = 1 
       fe = getParameterValue(6) 
       ub = getParameterValue(7) 
       cb = getParameterValue(8) 
       uf = getParameterValue(9) 
       uf =uf *(1.+fe) 
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       If (cb < 1.d-5) Call 
FoundBadParameter(8,'Fatal','The 
thermal conductance between cells and 
absorber must be greater than 0.') 
       tau = getParameterValue(10) 
       taualf = tau*alf 
       xng = getParameterValue(11) 
       ep = getParameterValue(12) 
       luin = -1 
       If (getNumberOfParameters() == 
13) luin = getParameterValue(13) 
 EndIf 
  








!ReRead the Parameters if Another Unit 
of This Type Has Been Called Last 
 If(getIsReReadParameters()) Then 
    iter = 0 
    mode = getParameterValue(1) 
    a = getParameterValue(2) 
    fp = getParameterValue(3)  !redefined 
below if mode >= 5 
    cpf = getParameterValue(4) 
    alf = getParameterValue(5) 
 If (mode == 1) Then 
       ul = getParameterValue(6) 
       tau = getParameterValue(7) 
       br = getParameterValue(8) 
       tr = getParameterValue(9) 
       cellpf = getParameterValue(10) 
       taualf = tau*alf 
 ElseIf (mode == 2) Then 
       xng = getParameterValue(6) 
       ep = getParameterValue(7) 
       ube = getParameterValue(8) 
       angle = getParameterValue(9) 
       tau = getParameterValue(10) 
       br = getParameterValue(11) 
       tr = getParameterValue(12) 
       cellpf = getParameterValue(13) 
       ng = xng 
       taualf = tau*alf 
 ElseIf (mode == 3) Then 
       xng = getParameterValue(6) 
       ul = getParameterValue(7) 
       xkl = getParameterValue(8) 
       br = getParameterValue(9) 
       tr = getParameterValue(10) 
       cellpf = getParameterValue(11) 
       ng = xng 




! tau60 is the trnasmittance of the glass 
cover system at an incidence angle of 60 
degrees, as assumed for diffuse radiation 
(see Hottel and Woertz) 
 ElseIf (mode == 4) Then 
       xng = getParameterValue(6) 
       ep = getParameterValue(7) 
       ube = getParameterValue(8) 
       angle = getParameterValue(9) 
       xkl = getParameterValue(10) 
       br = getParameterValue(11) 
       tr = getParameterValue(12) 
       cellpf = getParameterValue(13) 
       ul = 0. 
       ng = xng 




! tau60 is the trnasmittance of the glass 
cover system at an incidence angle of 60 
degrees, as assumed for diffuse radiation 
(see Hottel and Woertz) 
 ElseIf (mode == 5) Then 
       ar = getParameterValue(3) 
       fe = getParameterValue(6) 
       ub = getParameterValue(7) 
       cb = getParameterValue(8) 
       uf = getParameterValue(9) 
       uf =uf *(1.+fe) 
       tau = getParameterValue(10) 
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       taualf = tau*alf 
       ut = getParameterValue(11) 
       luin = -1 
       If (getNumberOfParameters() == 
12) luin = getParameterValue(12) 
 ElseIf (mode == 6) Then 
       ar = getParameterValue(3) 
       fe = getParameterValue(6) 
       ub = getParameterValue(7) 
       cb = getParameterValue(8) 
       uf = getParameterValue(9) 
       uf =uf *(1.+fe) 
       tau = getParameterValue(10) 
       taualf = tau*alf 
       xng = getParameterValue(11) 
       ep = getParameterValue(12) 
       luin = -1 
       If (getNumberOfParameters() == 
13) luin = getParameterValue(13) 
 ElseIf (mode == 7) Then 
       ar = getParameterValue(3) 
    npp = 1 
       fe = getParameterValue(6) 
       ub = getParameterValue(7) 
       cb = getParameterValue(8) 
       uf = getParameterValue(9) 
       uf =uf *(1.+fe) 
       tau = getParameterValue(10) 
       taualf = tau*alf 
       ut = getParameterValue(11) 
       luin = -1 
       If (getNumberOfParameters() == 
12) luin = getParameterValue(12) 
 Else 
       ar = getParameterValue(3) 
    npp = 1 
       fe = getParameterValue(6) 
       ub = getParameterValue(7) 
       cb = getParameterValue(8) 
       uf = getParameterValue(9) 
       uf =uf *(1.+fe) 
       tau = getParameterValue(10) 
       taualf = tau*alf 
       xng = getParameterValue(11) 
       ep = getParameterValue(12) 
       luin = -1 
       If (getNumberOfParameters() == 





!Get the Current Inputs to the Model 
 tin = getInputValue(1) 
 flwrt = getInputValue(2) 
 ta = getInputValue(3) 
 If (mode < 5) Then 
    tc = tr+1./br 
    ba = 1./(tc-ta) 
 EndIf 
 Select case (mode) 
 Case (1) 
    ul = getParameterValue(6) 
    hr = getInputValue(4) 
    etar = getInputValue(5)*cellpf 
    etaa = etar*(1.-br*(ta-tr)) 
    ul = ul-tau*hr*etaa*ba 
    goto 29 
 Case (2) 
    hr = getInputValue(4) 
    wind = getInputValue(5) 
    etar = getInputValue(6)*cellpf 
    etaa = etar*(1.-br*(ta-tr)) 
    goto 24 
 Case (3) 
    hbt = getInputValue(4) 
    hdt = getInputValue(5) 
    ul = getParameterValue(7) 
    theta1 = getInputValue(6) 
    etar = getInputValue(7)*cellpf 
    etaa = etar*(1.-br*(ta-tr)) 
 Case (4) 
    hbt = getInputValue(4) 
    hdt = getInputValue(5) 
    theta1 = getInputValue(6) 
    wind = getInputValue(7) 
    etar = getInputValue(8)*cellpf 
    etaa = etar*(1.-br*(ta-tr)) 
 Case (5) 
    hr = getInputValue(4) 
    ict = 1 
    goto 26 
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 Case (6) 
    hr = getInputValue(4) 
    wind = getInputValue(5) 
    tilt = getInputValue(6) 
    goto 24 
 Case (7) 
    hr = getInputValue(4) 
    v = getInputValue(5) 
    ict = 1 
    goto 26 
 Case (8) 
    hr = getInputValue(4) 
    wind = getInputValue(5) 
    v = getInputValue(6) 
    tilt = getInputValue(7) 
    goto 24 
 End Select 
 
 hr = hbt+hdt 
 tau = 0.001 
 If ((theta1 <= 85.) .and. (hr > 1.0d-10)) 
Then 
    theta1 = theta1*2.*pi/360.0 
    costh1 = DCOS(theta1) 
    theta2 = DASIN(DSIN(theta1)/refind) 
    costh2 = DCOS(theta2) 
    tau = tau040(ng) 
    If (costh1 < 0.766) tau = 1.0-
DEXP((atr(ng)+(btr(ng)+ctr(ng)*costh1)
*costh1)*costh1) 
    tau = hbt/hr*tau*DEXP(-
xng*xkl/costh2) 
    tau =tau+hdt/hr*tau60 
 EndIf 
 taualf = alf*tau 
 ul = ul-tau*hr*etaa*ba 
 If (mode == 3) goto 29 
24 ict = 0 
 hwind = 5.7+3.8*wind 
 tm = tin 
25 If (iter == 0) ict = ict+1 
 If (ict > 2) goto 45 
 tmc = tm+273.15 
 tac = ta+273.15 
 If (tmc <= tac) tmc = tac+1.0 
 f = (1.0-0.04*hwind+5.0d-
04*hwind*hwind)*(1.0+0.091*xng) 
 If (xng < .5) f = 1. 
 c = 365.9*(1.0-
0.00883*angle+0.0001298*angle*angle) 
 stf1 = c/tmc*((tmc-tac)/(xng+f))**0.33 
 stf1 = xng/stf1+1.0/hwind 
 stf1 = 1.0/stf1 
 stf2 = 1.0/(ep+0.05*xng*(1.0-
ep))+(2.*xng+f-1.)/eg-xng 
 stf2 = 
sb*(tmc*tmc+tac*tac)*(tmc+tac)/stf2 
 ul = (stf1+stf2)*3.6+ube 
 If (mode < 5) Then 
    ul = ul-tau*hr*etaa*ba 
! ut will be set equal to ul for modes 6 & 
8 - ul is calculated using the relation of 
Klein 
    goto 29 
 EndIf 
26 s = hr*taualf*ar !hr: total solar, 
taualf:transmittance absorptance 
product, ar: aperture to absorber ratio. 
 sinc = s/alf 
 If (mode==6 .or. mode==8) ut=ul 
 denom = ut*(cb+uf)+cb*uf 
 k1 = cb/denom 
 If (ict == 1) Then 
    tp = k1*(s-ut*(tin-ta))+tin 
    tcellr = uf*(tp-tin)/cb+tp 
    If (flwrt < 1.d-5) tcellr = 
(s+ta*(ut+cb*ub/(cb+ub)))/(ut+cb-
CB**2/(cb+ub)) 
    tcell = tcellr 
 EndIf 
 temp = tcell 
 If (mode==5 .or. mode==6) temp = 
tcellr 
 Call SolarCellPerformance 
(tcellr,temp,sinc,pr,beta,ic,v,iter,npp,get
TimestepIteration(),a,ar,mode,luin) 
 If (ErrorFound()) Return 
28 k2 = 1.+k1*pr*beta*(cb+uf)/cb 
 If (s < 1.d-5) prs = 0. 
 If (s >= 1.d-5) prs = pr/s 
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 fp = uf*k1*(1.-prs*(1.+beta*(ta-
tcellr)))/k2 
 ulab = uf*k1*(ut+pr*beta)/(k2*fp) 
 ul = ulab/ar  !ul of the absorber / 
aperture to absorber ratio 
 ulo = ut/ar 
29 If (flwrt-1.d-5 > 0) Then 
    If ((fp*ul*a/(flwrt*cpf)) >= 0.01) 
Then 
       fr = flwrt*cpf*(1.0-DEXP(-
fp*ul*a/(flwrt*cpf)))/(a*ul) 
    Else 
       fr = fp 
    EndIf 
 Else 
    goto 34 
 EndIf 
 hrt = hr*(1.-etaa/alf) 
 If (mode >= 5) hrt = hr 
 qu = fr*(hrt*taualf-ul*(tin-ta)) 
 qe = tau*hr*etaa*(1.-ba*(fr*(tin-
ta)+(taualf*hrt/ul)*(1.-fr))) 
 If (mode > 4) qe = pr*(1.+beta*(tcell-
tcellr))/ar 
 tout = qu/flwrt*a/cpf+tin 
 goto 36 
34 qu = 0.0 
 If (mode > 4) Then 
    qe = pr/ar 
    tcellr = (s-
pr+ta*(ut+cb*ub/(cb+ub)))/(ut+cb-
cb**2/(cb+ub)) 
    tcell = tcellr 
    temp = tcell 
    tout = tcell*(1.-
ub/(ub+cb))+ta*ub/(ub+cb) 
    flwrt = 0. 
    goto 39 
 EndIf 
 ulo = ul+tau*hr*etaa*ba 
 qe = tau*hr*etaa*(ulo-taualf*hr*ba)/ul 
 flwrt = 0.0 
 tout = (taualf*hr-qe)/ulo+ta 
36 tm =(tin+tout)/2.0 
 If (mode < 5) Then 
    tcell = tm 
    If (hr<=1.d-5 .and. mode<=4) Then 
       goto 44 
    EndIf 
    If (etar < 1.d-5) Then 
       tcell = tc 
       goto 37 
    EndIf 
    If (tau <= 1.d-5) Then 
       tcell = ta 
       goto 37  
 EndIf 
    tcell = tc-(qe/(tau*hr*etar))*(tc-tr) 
37  If (mode <= 4) goto 44 
 EndIf 
 tp = qu*ar/uf+tin 
 tcellr = uf*(tp-tin)/cb+tp 
 tpr = qu*ar/uf+tm 
 tcell = uf*(tpr-tm)/cb+tpr 
 tm = tcell 
 temp = tcell 
 If (mode==5 .or. mode==6) temp = 
tcellr 
39 prsave = pr 
 betas = beta 
 iter = 1 
 Call SolarCellPerformance 
(tcellr,temp,sinc,pr,beta,ic,v,iter,npp,get
TimestepIteration(),a,ar,mode,luin) 
 If (ErrorFound()) Return 
 If (pr>=1.d-5 .or. prsave>=1.d-5) Then 
    If (pr < 1.d-5) goto 42 
    If (DABS((pr-prsave)/pr) > 0.05) goto 
42 
 EndIf 
 If (beta>=1.d-5 .or. betas>=1.d-5) Then 
    If (beta < 1.d-5) goto 42 
    If (DABS((beta-betas)/beta) > 0.05) 
goto 42 
 EndIf 
 iter = 0 
42 If (mode==5 .or. mode==7) Then 
    ict = ict+1 
    If ((iter>0) .or. (ict<=2)) goto 28 
 Else 
    If (iter>0) goto 25 
 EndIf 
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44 If (mode==2 .or. mode==4 .or. 
mode==6 .or. mode==8) goto 25 
45 Call SetOutputValue(1,tout) 
 Call SetOutputValue(2,flwrt) 
 Call SetOutputValue(3,qu*a) 
 Call SetOutputValue(4,ul) 
 Call SetOutputValue(5,taualf) 
 Call SetOutputValue(6,qe*a) 
 Call SetOutputValue(7,tcell) 
 Call SetOutputValue(8,ulo) 
 Call SetOutputValue(9,0.d0) 
 Call SetOutputValue(10,0.d0) 
 Call SetOutputValue(11,0.d0) 
 Call SetOutputValue(12,0.d0) 
!******Insert fr as out(13) for 
testing****DC 
 Call SetOutputValue(13,fr) 
 Call SetOutputValue(14,pr) 
!********************************
****** 
 If (mode > 4) Then 
    Call SetOutputValue(4,ulo) 
    Call SetOutputValue(8,ul) 
    Call SetOutputValue(9,v) 
    Call SetOutputValue(11,tcellr) 
    Call SetOutputValue(12,dble(iter)) 
    If (v < 1.d-5) Then 
       Call SetOutputValue(10,0.d0) 
    Else 
      Call 
SetOutputValue(10,qe*a/(v*3.6)) 












C. THIS COMPONENT SIMULATES 
THE THERMAL PERFORMANCE OF A 
C. FLAT-PLATE SOLAR 
COLLECTOR USING THE MODEL 
DEVELOPED BY 
C. HOTTEL, WHILLIER, AND 
BLISS. 
C LAST MODIFIED 3/93 - JWT 
C 3/04 - TPM - FOR TRNSYS 16 
C 12/05 - DAA - Added units 
checking with RCHECK 
C 02/07 - MRC - Simplified to Type d 
only 
C  - 'flowrate' input changed to 
'specific flowrate' 
C  - parameter/input defaults 
corrected and reorganized 
C  - variable declarations 
corrected 
C  - Temperature Coefficient is 





C. A COLLECTOR AREA 
C. ALF ABSORPTANCE OF THE 
COLLECTOR PLATE SURFACE 
C. BR TEMPERATURE 
COEFFICIENT OF THE CELLS 
C. CELLPF RATIO OF CELL 
AREA TO ABSORBER AREA 
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C. CPF THERMAL 
CAPACITANCE OF THE COLLECTOR 
FLUID 
C. EP THERMAL EMITTANCE 
OF THE COLLECTOR PLATE SURFACE  
C. FP COLLECTOR 
GEOMETRY EFFICIENCY FACTOR 
C. NG/XNG NUMBER OF 
GLASS COVERS 
C. PVEFF CELL EFFICIENCY 
C. TR TEMPERATURE OF 
CELL REFERENCE EFFICIENCY 
C. UBE CONTRIBUTION TO UL 
DUE TO BOTTOM AND EDGE 
C. XKL PRODUCT OF THE 
EXTINCTION COEFFICIENT AND THE 




C. ANGLE TILT OF THE 
COLLECTOR WITH RESPECT TO 
HORIZONTAL 
C. FLWRT COLLECTOR 
FLUID SPECIFIC FLOWRATE 
C. HBT INSTANTANEOUS 
BEAM RADIATION ON THE 
COLLECTOR SURFACE 
C. HDT INSTANTANEOUS 
DIFFUSE RADIATION ON THE 
COLLECTOR SURFACE 
C. TA AMBIENT 
TEMPERATURE 
C. TIN INLET FLUID 
TEMPERATURE 
C. THETA1 ANGLE OF 
INCIDENCE OF RADIATION ON THE 
COLLECTOR 
C. WIND WINDSPEED 
C. 
C. OUTPUT 
C. TAUALF PRODUCT OF 
THE TRANSMITTANCE OF THE GLASS 
C.  AND THE 
ABSORPTANCE OF THE COLLECTOR 
PLATE SURFACE 
C. TCELL AVERAGE CELL 
TEMPERATURE 
C. TOUT OUTLET FLUID 
TEMPERATURE 
C. QE ELECTRICAL POWER 
OUTPUT 
C. QU USEFUL ENERGY 
COLLECTION RATE PER UNIT AREA 
C. UL OVERALL ENERGY 
LOSS COEFFICIENT. SEE KLEIN 




C. TAU60 TRANSMITTANCE OF 
THE GLASS COVER SYSTEM AT AN 
C.  INCIDENCE ANGLE OF 
60 DEGREES, AS ASSUMED FOR 
DIFFUSE 
C.  RADIATION SEE 
HOTTEL AND WOERTZ 
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C. HR TOTAL RADIATION 
INCIDENT ON THE TILTED 
COLLECTOR SURFACE 
C. REFIND REFRACTIVE 
INDEX OF THE GLASS 




! Copyright © 2004 Solar Energy 
Laboratory, University of Wisconsin-
Madison. All rights reserved. 
C----------------------------------------------------
----- 
C USE STATEMENTS 
 USE TrnsysFunctions 
C----------------------------------------------------
----- 
C    REQUIRED BY THE MULTI-DLL 
VERSION OF TRNSYS 
      !DEC$ATTRIBUTES DLLEXPORT :: 
TYPE250   
 !SET THE CORRECT TYPE 
NUMBER HERE 
 
C TRNSYS DECLARATIONS 
 IMPLICIT NONE 




























C DECLARATIONS AND 
DEFINITIONS FOR THE USER-
VARIABLES 
 DOUBLE PRECISION 
IC,K1,K2,EG,PI,SB,ATR,BTR,CTR,TAU0
40,REFIND,AR, 
     & 
UBE,A,FP,CPF,ALF,UL,TAU,BR,TR,CEL
LPF,TAUALF,XNG,EP,ANGLE,XKL, 




     & 
HDT,THETA1,ICT,TILT,V,COSTH1,THE
TA2,COSTH2,HWIND,TM,TMC,TAC,F,C, 
     & 
STF1,STF2,S,SINC,DENOM,TP,TCELLR,
TCELL,TEMP,PR,BETA,PRS,ULAB,ULO, 













 DATA CTR/4.3541,5.7723,6.3769/ 












C SET THE VERSION 
INFORMATION FOR TRNSYS 
 IF(INFO(7).EQ.-2) THEN 
  INFO(12)=16 




C DO THE VERY LAST CALL OF 
THE SIMULATION MANIPULATIONS 
HERE 
 IF (INFO(8).EQ.-1) THEN 




C PERFORM ANY "AFTER-
ITERATION" MANIPULATIONS THAT 
ARE REQUIRED 
 IF(INFO(13).GT.0) THEN 




C DO THE VERY FIRST CALL OF 
THE SIMULATION MANIPULATIONS 
HERE 
 IF (INFO(7).EQ.-1) THEN 
C RETRIEVE THE UNIT AND 
TYPE NUMBER FOR THIS 
COMPONENT FROM THE INFO ARRAY 
  IUNIT=INFO(1) 
  ITYPE=INFO(2) 
C SET SOME INFO ARRAY 
VARIABLES TO TELL THE TRNSYS 
ENGINE HOW THIS TYPE IS TO WORK 
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  INFO(6)=8 
  INFO(9)=1 
  INFO(10)=0 
C SET THE # OF INPUTS, PARAM 
AND DERIVATIVES 
  MODE=PAR(1) 
  MODE=4 
  NPAR=INFO(4) 
  CALL TYPECK 
(1,INFO,8,NPAR,0) 
  DATA 
YCHECK/'TE1','MF1','DG1','TE1','IR1','IR1
','DG1','VE1'/ 
  DATA 
OCHECK/'PW1','PW1','TE1','MF1','DM1','
TE1','HT1','HT1'/ 
  CALL 
RCHECK(INFO,YCHECK,OCHECK) 










  IUNIT=INFO(1) 
  ITYPE=INFO(2) 
  ITER=0 
  MODE=4 
  A=PAR(1) 
  FP=PAR(2) 
  CPF=PAR(3) 
  XNG=PAR(4) 
  XKL=PAR(5) 
  UBE=PAR(6) 
  ALF=PAR(7) 
  EP=PAR(8) 
  PVEFF=PAR(9) 
  BR=PAR(10) 
  TR=PAR(11) 
  CELLPF=PAR(12) 
  UL=0. 




     & CTR(NG)*0.5)*0.5)*0.5)) 
  CALL SOLARCELL 
(TCELLR,TEMP,SINC,PR,BETA,IC,V,ITE
R,NPP,-1,A, 
     & AR,MODE,LUIN) 




C RE-READ THE PARAMETERS IF 
ANOTHER UNIT OF THIS TYPE HAS 
BEEN CALLED 
 IF(INFO(1).NE.IUNIT) THEN 
  IUNIT=INFO(1) 
  ITYPE=INFO(2) 
  ITER=0 
  MODE=4 
  A=PAR(1) 
  FP=PAR(2) 
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  CPF=PAR(3) 
  XNG=PAR(4) 
  XKL=PAR(5) 
  UBE=PAR(6) 
  ALF=PAR(7) 
  EP=PAR(8) 
  PVEFF=PAR(9) 
  BR=PAR(10) 
  TR=PAR(11) 
  CELLPF=PAR(12) 
  UL=0. 









C RETRIEVE THE CURRENT 






  BR=0.0000001 
 ENDIF  
 TC=TR-1./BR 










 IF (THETA1.GT.85.) GO TO 23 























25 IF (ITER.EQ.0) ICT=ICT+1 




 IF (TMC.LE.TAC) TMC=TAC+1.0 
 F=(1.0-0.04*HWIND+5.0E-
04*HWIND*HWIND)*(1.0+0.091*XNG) 














 IF (FLWRT*A-1.E-5) 34,34,30 
30 IF 
























  TCELL=TA 
  GO TO 25 
  IF(ETAR.LT.1.E-5)THEN 
   TCELL=TC 
   GO TO 25 
  ENDIF 
  IF(TAU.LE.1.E-5)THEN 
   TCELL=TA 
   GO TO 25 



























! This subroutine models an unglazed 
PV/thermal collector. In this version, the 
working fluid is water 
! carried in tubes bonded to a plate. The PV 
material is adhered to the top of this plate. 
The PV system 
! is assumed to be working under the 
maximum power point assumption. 
! 
! This model is based on a derivation by Jeff 
Thornton of Thermal Energy System 
Specialists from the 
! standard tube-fin solar collector algorithms 
presented by Duffie and Beckamn in the 
calssic "Solar 
! Engineering of Thermal Processes" - 
specifically chapter 6. 
! 
! Last Modified: 
!    February 2004 - JWT - Initial 
programming  
!    April 2004 - Fixed the PV power 
equation to include XKAT and Tau-Alpha 
factors 
!    June 2010 - TPM - conversion to version 
17 coding standards 
!-----------------------------------------------------
----- 
! Copyright © 2011 Thermal Energy System 
Specialists, LLC. All rights reserved. 
 
!export this subroutine for its use in external 
DLLs. 






       
!Variable Declarations 
Implicit None !force explicit declaration of 
local variables 









































!Get the Global Trnsys Simulation Variables 
 Time = getSimulationTime() 
 Timestep = getSimulationTimeStep() 
 CurrentUnit = getCurrentUnit() 
 CurrentType = getCurrentType() 
  
!Set the Version Number for This Type 
 If (getIsVersionSigningTime()) Then 
     Call SetTypeVersion(17) 




!Do All of the Last Call Manipulations Here 
 If (getIsLastCallofSimulation()) Then 





!Perform Any "After Convergence" 
Manipulations That May Be Required 
 If (getIsEndOfTimestep()) Then 





!Do All of the "Very First Call of the 
Simulation Manipulations" Here 
 If (getIsFirstCallofSimulation()) Then 
 
!  Tell the TRNSYS Engine How This Type 
Works 
    Call SetNumberofParameters(20)            
    Call SetNumberofInputs(14)            
    Call SetNumberofDerivatives(0)            
    Call SetNumberofOutputs(19)            
    Call SetIterationMode(1)            
    Call SetNumberStoredVariables(0,0) 
 
!  Set the Correct Input and Output Variable 
Types 
    Call SetInputUnits(1,'TE1')     
    Call SetInputUnits(2,'MF1')     
    Call SetInputUnits(3,'TE1')     
    Call SetInputUnits(4,'TE1')     
    Call SetInputUnits(5,'TE1')     
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    Call SetInputUnits(6,'IR1')     
    Call SetInputUnits(7,'IR1')     
    Call SetInputUnits(8,'DM1')     
    Call SetInputUnits(9,'DG1')     
    Call SetInputUnits(10,'DG1')     
    Call SetInputUnits(11,'DG1')     
    Call SetInputUnits(12,'HT1')     
    Call SetInputUnits(13,'HT1')     
    Call SetInputUnits(14,'HT1')     
    Call SetOutputUnits(1,'TE1')     
    Call SetOutputUnits(2,'MF1')     
    Call SetOutputUnits(3,'PW1')     
    Call SetOutputUnits(4,'PW1')     
    Call SetOutputUnits(5,'DM1')     
    Call SetOutputUnits(6,'DM1')     
    Call SetOutputUnits(7,'DM1')     
    Call SetOutputUnits(8,'TE1')     
    Call SetOutputUnits(9,'TE1')     
    Call SetOutputUnits(10,'DM1')     
    Call SetOutputUnits(11,'PW1')     
    Call SetOutputUnits(12,'PW1')     
    Call SetOutputUnits(13,'PW1')     
    Call SetOutputUnits(14,'PW1')     
    Call SetOutputUnits(15,'HT1')     
    Call SetOutputUnits(16,'DM1')     
    Call SetOutputUnits(17,'HT1')     
    Call SetOutputUnits(18,'PW1')     
    Call SetOutputUnits(19,'PW1')     
 





!Do All of the First Timestep Manipulations 
Here - There Are No Iterations at the Intial 
Time 
 If (getIsStartTime()) Then 
 
! Read in the Values of the Parameters from 
the Input File 
    length = getParameterValue(1) 
    width = getParameterValue(2) 
    thick_absorber = getParameterValue(3) 
    k_absorber = getParameterValue(4) 
    n_tubes = 
JFIX(getParameterValue(5)+0.5) 
    dia_tube = getParameterValue(6) 
    width_bond = getParameterValue(7) 
    thick_bond = getParameterValue(8) 
    k_bond = getParameterValue(9) 
    R_adhesive = getParameterValue(10) 
    R_back = getParameterValue(11) 
    cp_fluid = getParameterValue(12) 
    reflectance = getParameterValue(13) 
    emissivity = getParameterValue(14) 
    b0 = getParameterValue(15) 
    T_ref = getParameterValue(16) 
    Gt_ref = getParameterValue(17) 
    eff_PV_ref = getParameterValue(18) 
    eff_corr_T = getParameterValue(19) 
    eff_corr_I = getParameterValue(20) 
 
!  Check the Parameters for Problems 
    If (length <= 0.) Call 
FoundBadParameter(1,'Fatal','The collector 
length must be greater than 0.') 
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    If (width <= 0.) Call 
FoundBadParameter(2,'Fatal','The collector 
width must be greater than 0.') 
    If (thick_absorber <= 0.) Call 
FoundBadParameter(3,'Fatal','The absorber 
plate thickness must be greater than 0.') 
    If (k_absorber <= 0.) Call 
FoundBadParameter(4,'Fatal','The thermal 
conductivity of the absorber must be greater 
than 0.') 
    If (n_tubes < 1) Call 
FoundBadParameter(5,'Fatal','The number 
of absorber tubes must be at least 1.') 
    If (dia_tube <= 0.) Call 
FoundBadParameter(6,'Fatal','The diameter 
of the tubes must be greater than 0.') 
    If (DBLE(n_tubes)*dia_tube > width) 
Call FoundBadParameter(6,'Fatal','The 
number of tubes times the diameter of the 
tubes cannot be greater than the collector 
width.') 
    If (R_adhesive <= 0.) Call 
FoundBadParameter(10,'Fatal','The thermal 
resistance of the substrate material must be 
greater than 0.') 
    If (R_back <= 0.) Call 
FoundBadParameter(11,'Fatal','The thermal 
resistance of the back material must be 
greater than 0.') 
    If (cp_fluid <= 0.) Call 
FoundBadParameter(12,'Fatal','The specific 
heat of the fluid must be greater than 0.') 
    If (reflectance < 0.) Call 
FoundBadParameter(13,'Fatal','The 
reflectance of the collector must be greater 
than 0.') 
    If (reflectance > 1.) Call 
FoundBadParameter(13,'Fatal','The 
reflectance of the collector must be less than 
1.') 
    If (emissivity < 0.) Call 
FoundBadParameter(14,'Fatal','The 
emissivity of the collector must be greater 
than 0.') 
    If (emissivity > 1.) Call 
FoundBadParameter(14,'Fatal','The 
emissivity of the collector must be less than 
1.') 
    If (b0 < 0.) Call 
FoundBadParameter(15,'Fatal','The 1st order 
coefficient (b0) in the incidence angle 
modifier function must be greater than 0.') 
    If (b0 > 1.) Call 
FoundBadParameter(15,'Fatal','The 1st order 
coefficient (b0) in the incidence angle 
modifier function must be less than 1.') 
    If (Gt_ref <= 0.) Call 
FoundBadParameter(17,'Fatal','The PV cell 
reference radiation must be greater than 0.') 
    If (eff_PV_ref < 0.) Call 
FoundBadParameter(18,'Fatal','The PV 
efficiency at reference conditions must be 
greater than 0.') 
    If (eff_PV_ref > 1.) Call 
FoundBadParameter(18,'Fatal','The PV 
efficiency at reference conditions must be 
less than 1.') 
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! Set the outputs to the input initial values. 
    Call SetOutputValue(1,getInputValue(1)) 
    Do i = 2,7 
       Call SetOutputValue(i,0.d0) 
    EndDo 
    Call SetOutputValue(8,getInputValue(1)) 
    Call SetOutputValue(9,getInputValue(1)) 
    Do i = 10,19 
       Call SetOutputValue(i,0.d0) 
    EndDo 
 




!ReRead the Parameters if Another Unit of 
This Type Has Been Called Last 
 If (getIsReReadParameters()) Then 
    length = getParameterValue(1) 
    width = getParameterValue(2) 
    thick_absorber = getParameterValue(3) 
    k_absorber = getParameterValue(4) 
    n_tubes = 
JFIX(getParameterValue(5)+0.5) 
    dia_tube = getParameterValue(6) 
    width_bond = getParameterValue(7) 
    thick_bond = getParameterValue(8) 
    k_bond = getParameterValue(9) 
    R_adhesive = getParameterValue(10) 
    R_back = getParameterValue(11) 
    cp_fluid = getParameterValue(12) 
    reflectance = getParameterValue(13) 
    emissivity = getParameterValue(14) 
    b0 = getParameterValue(15) 
    T_ref = getParameterValue(16) 
    Gt_ref = getParameterValue(17) 
    eff_PV_ref = getParameterValue(18) 
    eff_corr_T = getParameterValue(19) 




!Get the Current Inputs to the Model 
 T_fluid_in = getInputValue(1)           
 flow_in = getInputValue(2) 
 T_amb = getInputValue(3) 
 T_sky = getInputValue(4) 
 T_back = getInputValue(5) 
 Gt = getInputValue(6) 
 Gh = getInputValue(7) 
 Gd = getInputValue(8) 
 refl_ground = getInputValue(9) 
 angle_inc = getInputValue(10) 
 slope = getInputValue(11) 
 h_conv_t = getInputValue(12) 
 h_conv_b = getInputValue(13) 




!Check the Inputs for Problems 
 If (flow_in < 0.) Call 
FoundBadInput(2,'Fatal','The inlet flow rate 
is negative.') 
 If (Gt < 0.) Call 
FoundBadInput(6,'Fatal','The incident solar 
radiation is negative.') 
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 If (Gh < 0.) Call 
FoundBadInput(7,'Fatal','The total 
horizontal solar radiation is negative.') 
 If (Gd < 0.) Call 
FoundBadInput(8,'Fatal','The horizontal 
diffuse solar radiation is negative.') 
 If (refl_ground < 0.) Call 
FoundBadInput(9,'Fatal','The ground 
reflectance is negative.') 
 If (refl_ground > 1.) Call 
FoundBadInput(9,'Fatal','The ground 
reflectance is greater than 1.') 
 If (h_conv_t <= 0.) Call 
FoundBadInput(12,'Fatal','The top heat loss 
convection coefficient must be greater than 
0.') 
 If (h_conv_b <= 0.) Call 
FoundBadInput(13,'Fatal','The back heat 
loss convection coefficient must be greater 
than 0.') 
 If (h_fluid <= 0.) Call 
FoundBadInput(14,'Fatal','The fluid heat 
transfer coefficient must be greater than 0.') 
 If (ErrorFound()) Return 
!-----------------------------------------------------
-----  
! Set pi 
 pi = 4*DATAN(1.d0) 
! Calculate the area of the collector 
 area = length*width 
! Calculate the tube-to-tube distance 
 w = width/DBLE(n_tubes) 
! Set the transmittance at normal incidence 
 TauAlphaN = 1.-reflectance 
! Determine incidence angle modifier 
 If ((GT > 0.).and.(angle_inc < 90.)) Then 
! Use relations of Brandemuehl for effective 
incidence angles for diffuse 
    effsky = 59.68-
0.1388*slope+0.001497*slope*slope 
    effgnd = 90.-
0.5788*slope+0.002693*slope*slope 
    cosslp = DCOS(slope*rdconv) 
    Fsky = (1.+cosslp)/2. 
    Fgnd = (1.-cosslp)/2. 
    Gdsky = Fsky*Gd 
    Gdgnd = refl_ground*Fgnd*Gh 
! Set the incidence angle modifiers 
    xkatb = TauAlf(angle_inc) 
    xkatds = TauAlf(effsky) 
    xkatdg = TauAlf(effgnd) 
    xkat = (xkatb*(Gt-Gdsky-
Gdgnd)+xkatds*Gdsky+xkatdg*Gdgnd)/Gt 
    If (xkat <= 0.) xkat = 0. 
 Else 
    xkat = 0. 
 EndIf 
! Set the resistance from the PV surface to 
the absorber 
 R_t = R_adhesive 
! Set the resistance from the absorber to the 
back 
 R_b = R_back+1./h_conv_b 
! See if the device has fluid flow 
 If (flow_in <= 0.) Then 
! Guess a PV surface temperature 
    T_PV = T_amb+1. 
    T_PV_old = T_PV 
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    icount = 1 
! Calculate the PV cell efficiency 
    10 factor_T = 1+eff_corr_T*(T_PV-
T_ref) 
    factor_I = 1+eff_corr_I*(Gt-Gt_ref) 
    eff_PV = 
DMAX1(0.,(factor_T*factor_I*eff_PV_ref)) 
! Get the radiation heat transfer coefficient 
    h_rad = 
h_radiation(T_PV,T_sky,emissivity) 
! Set the absorbed solar energy 
    S = TauAlphaN*xkat*Gt*(1.-eff_PV) 
! Get the next guess for the PV temperature 
from the PV surface energy balance 




! Check to see if more iterations are required 
    If ((DABS(T_PV_old-T_PV) > 
0.001).and.(icount < 1000)) Then 
       T_PV_old = T_PV 
       icount = icount+1 
       Goto 10 
    EndIf 
! Set the absorber plate temperature from an 
energy balance on the absorber plater 
    T_PV_mean = T_PV 
    T_plate_mean = 
(R_t*T_back+R_b*T_PV_mean)/(R_t+R_b
) 
! Set the outlet fluid conditions 
    T_fluid_mean = T_plate_mean 
    T_fluid_out = T_fluid_mean 
! Set the collector useful energy gain terms 
and the thermal efficiency 
    Qu = 0. 
    Q_base = 0. 
    Q_fin = 0. 
    eff_thermal = 0. 
! Calculate the power output from the cell 
efficiency 
    power = 
TauAlphaN*xkat*eff_PV*area*Gt 
! Set some collector constants 
    FR = 0. 
! Calculate the top convective losses 
    Q_top_conv = 
area*h_conv_t*(T_PV_mean-T_amb) 
! Calculate the top radiative losses 
    Q_top_rad = area*h_rad*(T_PV_mean-
T_sky) 
! Calculate the back convective losses 
    Q_back = area*(T_plate_mean-
T_back)/R_b 
! Calculate the absorbed solar radiation 
    Q_abs = area*Gt*(1-
eff_PV)*TauAlphaN*xkat 
! Calculate the collector overall loss 
coefficient 
    If (T_plate_mean == T_amb) Then 
       Ul = 9999. 
    Else 
       Ul = S/(T_plate_mean-T_amb) 
    EndIf 
 Else 
! Calculate the tube-to-plate bond resistance 
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    If ((k_bond <= 0.).or.(width_bond <= 0.)) 
Then 
       R_bond = 0. 
    Else 
       R_bond = 
thick_bond/k_bond/width_bond 
    EndIf 
! Guess a PV surface temperature 
    T_PV = T_amb+1. 
    T_PV_old = T_PV 
    icount = 1 
! Calculate the PV cell efficiency 
    20 factor_T = 1+eff_corr_T*(T_PV-
T_ref) 
    factor_I = 1+eff_corr_I*(Gt-Gt_ref) 
    eff_PV = 
DMAX1(0.,(factor_T*factor_I*eff_PV_ref)) 
! Get the radiation heat transfer coefficient 
    h_rad = 
h_radiation(T_PV,T_sky,emissivity) 
! Set the absorbed solar energy 
    S = TauAlphaN*xkat*Gt*(1.-eff_PV) 
! Set some variables we'll need throughout 
the model 
    Fprime = 
1./(h_rad*R_t+h_conv_t*R_t+1.) 
    b = 
S+h_rad*T_sky+h_conv_t*T_amb+T_back/
R_b/Fprime 
    j_factor = 1./R_t/Fprime+1./R_b/Fprime-
1./R_t 
    m = 
(Fprime*j_factor/k_absorber/thick_absorber
)**0.5 
    n = 
2.*k_absorber*thick_absorber*m*DTANH(
m*(w-dia_tube)/2.) 
    u = 
dia_tube*Fprime*(h_rad+h_conv_t+1./R_b/
Fprime) 
    z = 1./h_fluid/pi/dia_tube+R_bond 
    epsilon = 
dia_tube*Fprime*b+n*b/j_factor 
    sigma = -u-n 
    theta = 1+z*u+n*Z 
 
! The derivation of this model is explained 
in great detail in the accompanying technical 
description manual: Type560.pdf 
 
! Set the fluid outlet temperature 




! With the outlet temperature known, 
calculate the useful energy gain 
    Qu = flow_in*cp_fluid*(T_fluid_out-
T_fluid_in) 
    Qu_prime = Qu/n_tubes/length 
! Set the mean fluid temperature in the y-
direction 








! With the mean fluid temperature known, 
calculate the mean base temperature 
    T_base_mean = 
T_fluid_mean+Qu_prime*z 
! With the mean base temperature known, 
calculate the mean temperature for the fin 
along the x-axis 
    T_fin_mean = 
b/j_factor+2.*(T_base_mean-
b/j_factor)*DTANH(m*(w-
dia_tube)/2.)/m/(w-dia_tube)    
! Now we can calculate the mean absorber 
temperature      
    T_plate_mean = 
(dia_tube*T_base_mean+(w-
dia_tube)*T_fin_mean)/w       
! We can also calculate the mean 
temperature of the PV surface above the 
base and fin 
    T_PV_mean_base = 
R_t*Fprime*(S+h_rad*T_sky+h_conv_t*T_
amb+T_base_mean/R_t) 
    T_PV_mean_fin = 
R_t*Fprime*(S+h_rad*T_sky+h_conv_t*T_
amb+T_fin_mean/R_t) 
! Now we can calculate the mean PV surface 
temperature 
    T_PV_mean = 
(dia_tube*T_PV_mean_base+(w-
dia_tube)*T_PV_mean_fin)/w 
    T_PV = T_PV_mean 
! Check to see if more iterations are required 
    If ((DABS(T_PV_old-T_PV) > 
0.001).and.(icount < 1000)) Then 
       T_PV_old = T_PV 
       icount = icount+1 
       Goto 20 
    EndIf 
! Calculate the energy to the fluid from the 
base of the fin 





! Calculate the energy to the fluid from the 
fin 





! Calculate the thermal efficiency 
    If (Gt > 0.) Then 
       eff_thermal = Qu/area/Gt 
    Else 
       eff_thermal = 0. 
    EndIf 
! Calculate the power output from the cell 
efficiency 
    power = 
TauAlphaN*xkat*eff_PV*area*Gt 
! Calculate the top convective losses 
    Q_top_conv = 
area*h_conv_t*(T_PV_mean-T_amb) 
! Calculate the top radiative losses 
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    Q_top_rad = area*h_rad*(T_PV_mean-
T_sky) 
! Calculate the back convective losses 
    Q_back = area*(T_plate_mean-
T_back)/R_b 
! Calculate the absorbed solar radiation 
    Q_abs = area*Gt*(1-
eff_PV)*TauAlphaN*xkat 
! Now solve for the fictional Ul from 
Qu=area*(S-Ul(T_plate-T_amb)) 
    If (T_plate_mean == T_amb) Then 
       Ul = 9999. 
    Else 
       Ul = (S-Qu/area)/(T_plate_mean-
T_amb) 
    EndIf 
! Now calculate the collector heat removal 
factor FR 
    If ((S-Ul*(T_fluid_in-T_amb)) == 0.) 
Then 
       FR = 0. 
    Else 
       FR = Qu/area/(S-Ul*(T_fluid_in-
T_amb)) 
    EndIf 
 EndIf 
 
! Set outputs 
 Call SetOutputValue(1,T_fluid_out) 
 Call SetOutputValue(2,flow_in) 
 Call SetOutputValue(3,Qu) 
 Call SetOutputValue(4,power) 
 Call SetOutputValue(5,eff_PV) 
 Call SetOutputValue(6,eff_thermal) 
 Call SetOutputValue(7,FR) 
 Call SetOutputValue(8,T_PV_mean) 
 Call SetOutputValue(9,T_fluid_mean) 
 Call SetOutputValue(10,xkat) 
 Call SetOutputValue(11,Q_top_conv) 
 Call SetOutputValue(12,Q_top_rad) 
 Call SetOutputValue(13,Q_back) 
 Call SetOutputValue(14,Q_abs) 
 Call SetOutputValue(15,Ul) 
 Call SetOutputValue(16,FR*TauAlphaN) 
 Call SetOutputValue(17,FR*Ul) 
 Call SetOutputValue(18,Q_base) 
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